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PREFACE

The main aim of this book is to educate learners and enhance their research focus by presenting diverse 
topics covering this vast field. This is an advanced book which compiles significant studies by distinguished 
experts in the area of analysis. This book addresses successive solutions to the challenges arising in the area 
of application, along with it; the book provides scope for future developments. 

Bioinorganic chemistry is the science that studies the role of metals in biology. This field involves the study 
of the behavior of metalloproteins and artificially introduced metals in medicine and toxicology. Some of 
the focus areas in bioinorganic chemistry are the study of transport and storage of metal ions, enzymology, 
bioorganometallic chemistry, toxicity, oxygen transport and activation proteins, metals in medicine, etc. Many 
reactions involve water and metal ions that are usually at the catalytic centers for these enzymes. Aerobic life 
has an extensive use of metals like copper, iron and manganese. Heme is used in the form of hemoglobin 
by red blood cells for the transport of oxygen. Some metalloproteins protect biological systems from the 
potentially harmful effects of reactive oxygen-containing molecules. This book aims to shed light on some 
of the unexplored aspects of bioinorganic chemistry and the recent researches in this field. It elucidates new 
techniques and their applications in a multidisciplinary manner. Researchers and students in this field will 
be assisted by this book.

It was a great honour to edit this book, though there were challenges, as it involved a lot of communication 
and networking between me and the editorial team. However, the end result was this all-inclusive book 
covering diverse themes in the field.

Finally, it is important to acknowledge the efforts of the contributors for their excellent chapters, through which 
a wide variety of issues have been addressed. I would also like to thank my colleagues for their valuable 
feedback during the making of this book.

Editor
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Optimization Studies on Recovery of Metals 
from Printed Circuit Board Waste

P. Sivakumar , D. Prabhakaran, and M. Thirumarimurugan

Department of Chemical Engineering, Coimbatore Institute of Technology, Coimbatore 641 014, Tamil Nadu, India

Correspondence should be addressed to P. Sivakumar; chemsiva13@gmail.com

Academic Editor: Albrecht Messerschmidt

'e aim of the study was to recover copper and leadmetal fromwaste printed circuit boards (PCBs).'e electrowinningmethod is
found to be an effective recycling process to recover copper and lead metal from printed circuit board wastes. In order to simplify
the process with affordable equipment, a simple ammonical leaching operation method was adopted. 'e selected PCBs were
incinerated into fine ash powder at 500°C for 1 hour in the pyrolysis reactor. 'en, the fine ash powder was subjected to acid-
leaching process to recover the metals with varying conditions like acid-base concentration, electrode combination, and leaching
time.'e relative electrolysis solution of 0.1M lead nitrate for lead and 0.1M copper sulphate for copper was used to extract metals
from PCBs at room temperature. 'e amount of lead and copper extracted from the process was determined by an atomic
absorption spectrophotometer, and results found were 73.29% and 82.17%, respectively. Further, the optimum conditions for the
recovery of metals were determined by using RSM software. 'e results showed that the percentage of lead and copper recovery
were 78.25% and 89.1% should be 4 hrs 10A/dm2.

1. Introduction

Recycling of e-waste is an important subject not only from the
point of waste treatment but also from the recovery aspect of
valuable materials [1–4]. Among the resources in e-waste,
metals contribute more than 95% of the materials market
value. Hence, the recovery of valuable metals is the inherent
motive in e-waste disposal. In the past decades, many tech-
niques for recovering valuable metals from e-waste have been
developed such as gravity separation, magnetic separation,
and electrostatic separation [5] synthesis of CuCl with
e-waste, separation of PCBs with organic solvent method
[6, 7], cyanide and noncyanide lixiviants leaching methods,
ammonium persulfate leaching bioleaching methods [8–10],
or a combination of these approaches. Among thosemethods,
hydrometallurgical methods are more accurate, predictable,
and controllable [11]. 'erefore, hydrometallurgical tech-
niques are most active in the research of valuable metal re-
covery from electronic scraps in the past two decades.
However, traditional hydrometallurgical methods are acid
dependent, time-consuming, and inefficient for simultaneous
recovery of precious metals. Remarkably, a large amount of

corrosive or toxic reagents, such as aqua regia, nitric acid,
cyanide and halide, are consumed, producing large quantities
of toxic and corrosive fumes or solution [12, 13]. 'erefore, it
is necessary to seek amore environmental friendlymethod for
the recovery of valuable metals from e-wastes. Hydrometal-
lurgical methods are used in the upgrading and refining stages
of the recycling chain [14–16]. In this research article, the
recovery of lead and copper metals from e-waste is widely
investigated. 'e PCBs were converted into fine ash powder
and subjected to electrowinning process for the recovery of
metals.'e experimental results were determined by EDS and
AAS, respectively. Furthermore, the experimental results are
validated through RSM software at different parameters like
acid-base concentration, electrode combination, and leaching
time [17–22].

2. Materials and Methods

2.1. Materials. 'e computer PCBs were collected from
various sources for the recovery of metals. 'e collected
PCBs were crushed using roll crusher and powdered by
a hammer mill. 'e crushed PCBs were incarnated through

1
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pyrolysis to avoid side reaction in the leaching process with
the electrolyte solution. 'e optimum condition of the
pyrolysis reactor was 500°C in atmospheric pressure for 1 h
where the epoxy resins and polymers were volatized at the
temperature less than 500°C. 'e volatized contents were
condensed and collected separately. 'e ferrous materials
present in the obtained ash were separated by a magnetic
separator.

2.2. Electrowinning Process. 'e fine ash powder was treated
with aqua regia solution (3 :1 ratio of HCl and HNO3) in the
incineration chamber in order to avoid the liberation of toxic
fumes. 'en the precipitated salts obtained from the
leaching was analyzed by EDS to determine the composition
of metal present in the salts (Figure 1). 'e electrowinning
setup consists of bath arrangement and amplifier. 'e bath
having two slots for the anode and cathode fixing and the
electrode is connected with amplifier, and the current
density was varied through the amplifier (Figure 2).

2.3.ExtractionProcess ofLead. About 25 g of incinerated fine
ash was added into the acid bath followed by the addition of
ammonical electrolyte solution. 'e current density was set
to 1 to 10 (A/dm2). 'e solution was agitated at regular
interval to get an effective electrodeposition:

Pb + 4HCl⟶ PbCl4 + 2H2 (1)

After the stipulated time of operation, pure lead was
deposited on lead cathode. 'e deposited elements were
scrapped and stored in an air tight container. 'e recovered
lead quantitated from the EDS method. 'e spent acid left
with mud filtered at pH 6–10 was stored in a glass container
for further treatment.

2.4. Extraction Process of Copper. About 25 g of incinerated
fine ash was added into the acid bath followed by the ad-
dition of ammonical electrolyte solution.'e current density
was set to 1 to 10 (A/dm2). 'e solution was agitated at
regular intervals to get an effective electrodeposition. After
the stipulated time of operation, pure copper (cupric) was
deposited on the cathode and impure copper (cuprous ion)
were deposited on the anode. 'e deposited elements were
scrapped and stored in an air tight container. 'e recovered
copper quantitated from the EDSmethod.'e spent acid left
with mud (nonleached elements) was filtered (pH–8.4) and
were stored in a glass container for further treatment
(Figure 3):

2Cu2+
(aq) + 2H2O(l)⟶ 2Cu(s) + 4H+

(aq) + O2(g)

(2)

'e spent solution collected from the electrodeposition
was neutralized to 6.9 for the safe disposal as per the
standard. Moreover, the presence of any metal in the spent
solution was analyzed by Fourier-transform infrared spec-
troscopy. 'e results (Figure 4) show that the metallic traces
were found to be absent which confirms that all the metals
recovered from the ashes deposited on the electrode.

3. Results and Discussion

3.1.RSMforLead. 'e response surface methodology (RSM)
is a statistical modeling technique employed for multiple
regression analysis using quantitative data obtained from
designed experiments to solve multivariable equations
(Table 1). 'e response surfaces can be visualized as three-
dimensional plots that exhibit the response as a function of
two factors while keeping the other factors constant. In this
above plot, the red zone corresponds to the extract per-
centage above 85%, yellow zone shows 60 to 70%, and the
blue zone confirms below 40% extraction of lead (Figures 5
and 5(a)).'e regression equation for the RSM data plots for
the lead is

Extract � 66.36 + 9.0175∗A + 7.37375∗B + 6.42375∗C

+ 1.235∗AB + 0.17∗AC +(−7.1525∗BC)

+ −18.6187∗A2
  + −1.67125∗B2

 

+ −1.81625∗C2
 .

(3)

'emodel as a function of coded factor could be utilized
to predict the response of each parameter within the given
limit. Here, the maximum limit of process parameters
(factors) is termed (coded) as +1 and minimum limit is
terms (coded) as −1. 'e modifed equation or coded
equation is very much useful in order to find the compar-
ative effect of the process parameters by relating the co-
efficient of factors. 'e final equation in terms of actual
factors is
Extract � −70.2665 + 5.06454∗CD + 0.201188∗ solvent

+ 25.6766∗ time + 0.000914815∗CD∗ solvent

+ 0.0125926∗CD∗ time

+(−0.0317889∗ solvent∗ time)

+ −0.229861∗CD2
  + −7.42778e− 05∗ solvent2 

+ −0.807222∗ time2 .

(4)

Equation (4) in terms of process parameters could be
utilized to predict the response for the provided levels of
each parameter (Table 2). In this equation, the original units
of each parameters should be considered for each levels. In
order to evaluate the comparative effect of each factor, the
above equation should not be considered since the co-
efficients are balanced to embrace the units of each pa-
rameters. Also, the intercept does not fall at design space
center.

3.2. Analysis of Variance (ANOVA). Analysis of variance is
used to determine the significant effects of process variables
on current efficiency (Table 3) along with the factor coding.
'e sum of squares is found to be Type III—partial derived
from the ANOVA quadratic model. 'e model F value of
4.43 implies the model is significant. A minimum value of
3.12% is possible for the F value due to noise. p values less

2 Bioinorganic Chemistry
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than 0.0500 indicate model terms are signi�cant. In this case
A, A2 are signi�cant model terms. Values greater than 0.1000
indicate the model terms are not signi�cant. If there are

many insigni�cant model terms (not counting those re-
quired to support hierarchy), model reduction may improve
the model. �e lack of �t F value of 63.27 implies the lack of
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Figure 1: Initial analysis of raw materials.

Figure 2: Experimental setup of electrowinning process.

Figure 3: Bath solutions of copper and lead.
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�t is signi�cant.�ere is only a 0.08% chance that a lack of �t
F value could be large that could occur due to noise. �e
coe�cient represents the expected change in response per
unit change in the factor value, when all remaining factors
were constant. �e intercept in an orthogonal design is the
overall average response of all the runs. �e coe�cients are
adjustments around the average factor settings. When the
factors are orthogonal, the variance in�ation factors (VIFs)
are 1; VIFs greater than 1 indicate multicolinearity; the
higher the VIF, the more severe the correlation of factors. As
a rough rule, VIFs less than 10 are tolerable. Hence, from the
data obtained (Table 4), the VIF values of lead are found to
be tolerable.

3.3. Model Terms. For a standard deviation of 1, the power
calculations are performed using response type “continu-
ous,” and parameters are Δ � 2 and σ � 1. �e power is
evaluated over −1 to +1 coded factor space. From (Table 5),
the standard errors should be similar to each other in

a balanced design. �e ideal VIF value should be 1, VIFs
above 10 are cause for concern, and VIFs above 100 are
cause for alarm, indicating coe�cients are poorly estimated
due to multicolinearity, where ideal Ri2 is 0.0. High Ri2
means terms are correlated with each other, possibly
leading to poor models. If the design has multilinear
constraints, then multicolinearity will exist to a greater
degree. �is in�ates the VIFs and the Ri2, rendering these
statistics would not perform well. Hence, FDS could
be used. Power is an inappropriate tool to evaluate
response surface designs. Use prediction-based metrics
provided in this program via fraction of design space (FDS)
statistics.

3.4. Fit Statistics. A negative predicted R2 implies that the
overall mean may be a better predictor of the response than
the current model. In some cases, a higher order model may
also predict better. Adeq. precision measures the signal to
noise ratio. A ratio greater than 4 is desirable. �e ratio of
5.915 indicates an adequate signal.�is model can be used to
navigate the design space. �e optimization of current ef-
�ciency is shown in Figure 6. From the results, it is observed
that 69% of lead extract is obtained at current density � 10A
dm−2, solvent ratio � 5 : 2, and the electrolysis time � 4 hours
(Figures 7 and 8). �e signi�cance of regression coe�cients
were analyzed using the p-test and t-test. �e p values are
used to check the e�ect of interaction among the variables. A
larger magnitude of t-value and a smaller magnitude of p

value are signi�cant in the corresponding coe�cient term.
�e coe�cient of current e�ciency and the corresponding t
and p values are shown in Table 6. Finally, the coe�cients in
the interaction terms for current density-electrolysis time is
signi�cant compared to current density-solvent ratio, and
current density-electrolysis time.

3.5. RSM for Copper. �e regression equation for the RSM
data plots for the copper is in terms of coded factors form as
follows:
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Figure 4: FTIR analysis of bath solution.

Table 1: RSM parameters for lead extraction.

Std Run
Factor 1 Factor 2 Factor 3
A: CD B: solvent C: time
A/dm2 ml Hrs

1 8 1 400 2.5
2 9 19 400 2.5
3 17 1 700 2.5
4 12 19 700 2.5
5 1 1 550 1
6 14 19 550 1
7 6 1 550 4
8 5 19 550 4
9 4 10 400 1
10 10 10 700 1
11 7 10 400 4
12 11 10 700 4
13 2 10 550 2.5
14 16 10 550 2.5
15 13 10 550 2.5
16 15 10 550 2.5
17 3 10 550 2.5

4 Bioinorganic Chemistry
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Extract(E) � 48 + 24∗A + 8.25∗B + 15.5∗C + 0.5∗AB

+ 7.5∗AC + 2.5∗BC + −6.5∗A2
( ) + 8∗B2

+ 1.5∗C2
.

(5)

�e model (Equation 5) as a function of coded factor
could be utilized to predict the response of each parameter
within the given limit. Here, the maximum limit of process
parameters (factors) is termed(coded) as +1 and minimum
limit is termed (coded) as −1. �e modi�ed equation or
coded equation is very much useful in order to �nd the
comparative e�ect of the process parameters by relating the
coe�cient of factors (Table 7).

�e �nal equation in terms of actual factors is

10

Ex
tra

ct
 (%

)
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B:

 so
lve

nt
 (m

l)

1 4 7 10 13 16 19 400
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Design points

Figure 5: Contour plot for recovery of Lead.

Table 2: Box–Behnken experimental design table for recovery of
lead.

Std Run
Factor 1 Factor 2 Factor 3
A: CD B: solvent C: time
A/dm2 ml Hrs

1 8 1 400 2.5
2 9 19 400 2.5
3 17 1 700 2.5
4 12 19 700 2.5
5 1 1 550 1
6 14 19 550 1
7 6 1 550 4
8 5 19 550 4
9 4 10 400 1
10 10 10 700 1
11 7 10 400 4
12 11 10 700 4
13 2 10 550 2.5
14 16 10 550 2.5
15 13 10 550 2.5
16 15 10 550 2.5
17 3 10 550 2.5

Table 3: ANOVA quadratic model for lead.

Source Sum of
squares DOF Mean

square F value p value

Model 3152.45 9 350.27 4.43 0.0312 Signi�cant
A-CD 650.52 1 650.52 8.23 0.0240
B-solvent 434.98 1 434.98 5.51 0.0514
C-time 330.12 1 330.12 4.18 0.0802
AB 6.10 1 6.10 0.0772 0.7891
AC 0.1156 1 0.1156 0.0015 0.9706
BC 204.63 1 204.63 2.59 0.1516
A2 1459.61 1 1459.61 18.47 0.0036
B2 11.76 1 11.76 0.1489 0.7111
C2 13.89 1 13.89 0.1758 0.6876
Residual 553.05 7 79.01
Lack of �t 541.64 3 180.55 63.27 0.0008 Signi�cant
Pure
error 11.41 4 2.85

Total 3705.50 16

5Optimization Studies on Recovery of Metals from Printed Circuit Board Waste
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WTExtract � 191.503 + 2.32716∗CD +(−0.773056∗ solvent)

+(−11.3333∗ time) + 0.000555556∗CD∗ solvent

+ 0.833333∗CD∗ time + 0.025∗ solvent∗ time

+ −0.0802469∗CD2
( ) + 0.0008∗ solvent2

+ 1.5∗ time2.
(6)

Equation (5) in terms of process parameters could be
utilized to predict the response for the provided levels of
each parameter. In this equation, the original units of each
parameters should be considered for each levels. In order
to evaluate the comparative e�ect of each factor, the above
equation should not be considered since the coe�cients
are balanced to embrace the units of each parameters.
Also, the intercept does not falls at design space center
(Table 8). In this contour plot, the red zone indicates
extract percentages above 85%. And yellow and blue zones
indicate 60 to 70% and below 40% extraction of copper
(Figures 9 and 9(a)).

3.6. Analysis of Variance (ANOVA). Analysis of variance is
used to determine the signi�cant e�ects of process variables
on current e�ciency along with the factor coding. �e sum
of squares is found to be Type III—partial derived from the
ANOVA quadratic model. �e model F value of 155.08 in
the Table 9 implies the model is signi�cant. A minimum
value of 0.01% is possible for the F value due to noise. P
values less than 0.0500 indicate model terms are signi�cant.

Table 4: Coe�cients in terms of coded factors for lead.

Factor Coe�cient
estimate DOF Standard

error

95%
CI
low

95%
CI
high

VIF

Intercept 66.36 1 3.98 56.96 75.76
A-CD 9.02 1 3.14 1.59 16.45 1.0000
B-solvent 7.37 1 3.14 −0.0573 14.80 1.0000
C-time 6.42 1 3.14 −1.01 13.85 1.0000
AB 1.24 1 4.44 −9.27 11.74 1.0000
AC 0.1700 1 4.44 −10.34 10.68 1.0000
BC −7.15 1 4.44 −17.66 3.36 1.0000
A2 −18.62 1 4.33 −28.86 −8.38 1.01
B2 −1.67 1 4.33 −11.91 8.57 1.01
C2 −1.82 1 4.33 −12.06 8.43 1.01

Table 5: Model terms in RSM for lead.

Term Standard error VIF Ri2 Power (%)
A 0.3536 1 0.0000 68.1
B 0.3536 1 0.0000 68.1
C 0.3536 1 0.0000 68.1
AB 0.5000 1 0.0000 40.8
AC 0.5000 1 0.0000 40.8
BC 0.5000 1 0.0000 40.8
A2 0.4873 1.00588 0.0058 93.8
B2 0.4873 1.00588 0.0058 93.8
C2 0.4873 1.00588 0.0058 93.8
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Figure 6: Current density vs extract % for lead.
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WTIn this case, A, B, C, AC, A2, and B2 are signi�cant model
terms. Values greater than 0.1000 indicate the model terms
are not signi�cant. If there are many insigni�cant model
terms (not counting those required to support hierarchy),
model reduction may improve the model. �e lack of �t F
value is nil that implies the lack of �t is signi�cant. �e
coe�cient represents the expected change in response per
unit change in factor value, when all remaining factors were
constant. �e intercept in an orthogonal design is the
overall average response of all the runs. �e coe�cients are
adjustments around the average factor settings. When the
factors are orthogonal, the VIFs are 1; VIFs greater than 1
indicate multicolinearity; the higher the VIF, the more
severe the correlation of factors. As a rough rule, VIFs
less than 10 are tolerable. Hence, from the data
obtained (Table 10), the VIF Values of lead are found to be
tolerable.

3.7. Model Terms. For a standard deviation of 1 the power
calculations are performed using response type “continu-
ous,” and the parameters are Δ � 2 and σ � 1. �e power is
evaluated over −1 to +1 coded factor space (Table 11). �e
standard errors should be similar to each other in a balanced
design. �e ideal VIF value should be 1, VIFs above 10 are
cause for concern and VIFs above 100 are cause for alarm,
indicating coe�cients are poorly estimated due to multi-
colinearity, where ideal Ri2 is 0.0. High Ri2 means terms are
correlated with each other, possibly leading to poor models.
If the design has multilinear constraints, then multi-
colinearity will exist to a greater degree. �is in�ates the
VIFs and the Ri2, rendering these statistics would not
perform well. Hence, FDS could be used. Power is an in-
appropriate tool to evaluate response surface designs. Use
prediction-based metrics provided in this program via
fraction of design space (FDS) statistics.
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Figure 8: Time vs extract % for lead.

Table 6: Fit statistics.
Std. dev. 8.89
Mean 55.96
CV (%) 15.88
R2 0.8507
Adjusted R2 0.6589
Predicted R2 −1.3436
Adeq. precision 5.9146

Table 7: RSM parameters for copper extraction.

Std Run
Factor 1 Factor 2 Factor 3
A: CD B: solvent C: time
A/dm2 ml Hrs

1 12 1 400 2
2 14 19 400 2
3 2 1 600 2
4 4 19 600 2
5 18 1 500 1
6 13 19 500 1
7 16 1 500 3
8 11 19 500 3
9 8 10 400 1
10 1 10 600 1
11 6 10 400 3
12 7 10 600 3
13 5 10 500 2
14 9 10 500 2
15 17 10 500 2
16 3 10 500 2
17 15 10 500 2

Table 8: Box–Behnken experimental design table for recovery of
copper.

Std Run
Factor 1 Factor 2 Factor 3
A: CD B: solvent C: time
A/dm2 ml Hrs

1 12 1 400 2
2 14 19 400 2
3 2 1 600 2
4 4 19 600 2
5 18 1 500 1
6 13 19 500 1
7 16 1 500 3
8 11 19 500 3
9 8 10 400 1
10 1 10 600 1
11 6 10 400 3
12 7 10 600 3
13 5 10 500 2
14 9 10 500 2
15 17 10 500 2
16 3 10 500 2
17 15 10 500 2
18 10 10 500 2
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3.8. Fit Statistics. A predicted R2 implies that the overall
mean may be a better predictor of the response than the
current model. In some cases, a higher order model may also
predict better. Adeq. precision measures the signal to noise
ratio. A ratio greater than 4 is desirable. A ratio of 44.9
indicates an adequate signal. �is model can be used to
navigate the design space. �e optimization of current ef-
�ciency is shown in Figure 10. �e optimum extraction of
69% Cu is obtained at current density � 19A dm−2, solvent
ratio � 5 : 2, and electrolysis time � 4 hour (Figures 11 and
12). �e signi�cance of regression coe�cients was analyzed
using the p-test and t-test. �e p values are used to check the

e�ect of interaction among the variables. A larger magnitude
of t-value and a smaller magnitude of p value are signi�cant
in the corresponding coe�cient term. �e coe�cient of
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Figure 9: Contour plot for recovery of copper.

Table 9: ANOVA quadratic model for copper.

Source Sum of
squares DOF Mean

square
F

value p value

Model 7763.50 9 862.61 155.08 <0.0001 Signi�cant
A-CD 4608.00 1 4608.00 828.40 <0.0001
B-solvent 544.50 1 544.50 97.89 <0.0001
C-time 1922.00 1 1922.00 345.53 <0.0001
AB 1.0000 1 1.0000 0.1798 0.6827
AC 225.00 1 225.00 40.45 0.0002
BC 25.00 1 25.00 4.49 0.0668
A2 184.36 1 184.36 33.14 0.0004
B2 279.27 1 279.27 50.21 0.0001
C2 9.82 1 9.82 1.77 0.2206
Residual 44.50 8 5.56
Lack of
�t 44.50 3 14.83

Pure
error 0.0000 5 0.0000

Total 7808.00 17

Table 10: Coe�cients in terms of coded factors for copper.

Factor Coe�cient
estimate DOF Standard

error
95% CI
low

95%
CI
high

VIF

Intercept 48.00 1 0.9629 45.78 50.22
A-CD 24.00 1 0.8339 22.08 25.92 1.0000
B-
solvent 8.25 1 0.8339 6.33 10.17 1.0000

C-time 15.50 1 0.8339 13.58 17.42 1.0000
AB 0.5000 1 1.18 −2.22 3.22 1.0000
AC 7.50 1 1.18 4.78 10.22 1.0000
BC 2.50 1 1.18 −0.2193 5.22 1.0000
A2 −6.50 1 1.13 −9.10 −3.90 1.02
B2 8.00 1 1.13 5.40 10.60 1.02
C2 1.50 1 1.13 −1.10 4.10 1.02

Table 11: Model terms in RSM for copper.

Term Standard error VIF Ri2 Power (%)
A 0.3536 1 0.0000 69.8
B 0.3536 1 0.0000 69.8
C 0.3536 1 0.0000 69.8
AB 0.5000 1 0.0000 42.1
AC 0.5000 1 0.0000 42.1
BC 0.5000 1 0.0000 42.1
A2 0.4787 1.01852 0.0182 95.4
B2 0.4787 1.01852 0.0182 95.4
C2 0.4787 1.01852 0.0182 95.4
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current e�ciency and the corresponding t and p values are
shown in (Table 12). Finally, the coe�cients in the in-
teraction terms for current density-electrolysis time is sig-
ni�cant compared to current density-solvent ratio and
current density-electrolysis time.

4. Conclusion

�e ammonia-lead nitrate and ammonia-copper sulphate
system have been employed as a leaching agent for recovery
of lead and copper from scraped printed circuit board
wastes. A two-stage leaching was employed, wherein the �rst
stage consisted of leaching the scrap board with 0.1M Pb
(NO3)2 and 0.1M CuSO4 which results in the selective
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Figure 10: Current density vs extract % for copper.

100

80

60

40

Ex
tr

ac
t (

%
)

One factor

Warning! factor involved in multiple interactions.

20

0

–20

400 460 520 580
B: solvent (ml)

640 700

X1 = B: solvent
Actual factors
A: CD = 10
C: time = 1

Extract (%)
Design points
95% CI bands

Figure 11: Solvent vs extract % for lead.
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Table 12: Fit statistics.
Std. dev. 2.36
Mean 49.33
CV (%) 4.78
R2 0.9943
Adjusted R2 0.9879
Predicted R2 0.9088
Adeq. Precision 44.9395
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dissolution of lead and copper leaching rate, and other
metals was found in lower amounts, respectively. 'e un-
dissolved residue portion from the leaching stage containing
nickel, tin, and silica were leached out in respective treat-
ments. 'e current efficiency was found to increase with
current density and concentration ratio with the contact
time in acid bath. Hence, 73.29% lead and 82.17% copper
have been successfully recovered from the electrolysis
process. And, also by RSM Software prediction, the recovery
of lead and copper are as 78.25% and 89.1%, respectively. In
addition to the quadratic model equation, ANOVA, model
terms, and fit statistics were also tested for the experimental
conditions.
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Macadamia nutshell powder oxidized by hydrogen peroxide solutions (MHP)was functionalized by immobilizing 1,5′-diphenylcarbazide
(DPC) on its surface. +e effectiveness of grafting was confirmed by the Fourier transform infrared spectrum due to the presence of NH
and C�C stretches at 3361, 1591, and 1486 cm−1, respectively, on the grafted material which were absent in the nongrafted material.
+ermogravimetric analysis revealed that the presence of DPC on the surface of Macadamia shells lowered the thermal stability from
300°C to about 180°C owing to the volatile nature of DPC. Surface roughness as a result of grafting was appreciated on the scanning
electron microscopy images. Parameters influencing the adsorptive removal of Cr(VI) were examined and found to be optimal at pH 2,
120min, 150mg/L, and 2.5 g/L. Grafting MHP with DPC leads to an increase in the Langmuir monolayer capacity from 37.74 to
72.12mg/g. Grafting MHP with DPC produced adsorbent with improved removal efficiency for Cr(VI).

1. Introduction

Natural biosorbents like mango kernels, Macadamia nut-
shells, coconut shells, pine cone, almond shells, sawdust,
palm branches, and hazelnut consist in their plant cell walls
chiefly the lignin, cellulose, and hemicellulose as the main
structural components [1–5]. Consequently, these materials
contain a cornucopia of surface functional groups including
ketones, aldehydes, esters, ethers, and alcohols. +e esca-
lating use of natural biosorbents in adsorption for the re-
mediation of metal pollutants has been largely due to their
abundant availability, inexpensiveness, biodegradability,
easy desorption, good reusability, and the diverse functional
groups they possess which are needed for metal abstraction
[6–8]. Further, these materials are regarded as cheap because
they require minimum processing. However, when used as
adsorbents, some shortfalls like poor surface areas and low

adsorption capacities are experienced probably because of
the highly cross-linked polymeric nature of the said mate-
rials [1, 4, 9]. In addition, upon being used as adsorbents,
there is a tendency of small organic molecules trapped
within the polymeric cross-linked chains being released into
the environments causing high biological oxygen demand
and chemical oxygen demand [9]. +ese drawbacks have
restricted the utilization of biosorbents in adsorption in their
pristine form.

To address the downfalls, researchers have explored
various pretreatment techniques such as (i) biological treat-
ment with fungi or bacteria, (ii) chemical methods using
acid, alkaline, oxidation, or solvent extraction, (iii) physical
methods through sonication, pyrolysis, or mechanical agi-
tation, and (iv) physicochemical methods, for example, steam
explosion [5, 10]. During pretreatment, surface chemical
properties of an adsorbent could be altered through masking
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or elimination of certain groups or exposure to more ad-
sorption sites [7, 11]. Greater separation of components is
achieved much faster and conveniently with chemical pre-
treatment methods than biological methods [5]. Depending
on the intended use of the biomass and the properties desired,
various chemical agents, H2O2 [7], ozone [12], H3PO4 [13],
HNO3 [14], NaOH [4], and so on, have been reconnoitred for
either hydrolysis, oxidation, or delignification [5]. Oxidative
chemical treatment could lead to increased oxygenated
functionalities like COOH, C–O–C, CO, and OH which may
then increase metal ion complexation, ion exchange, and
chelation [5, 15].

To supplement pretreatment methods for improved
performance, further modifications (grafting, cross-linking,
or polymerization) could be carried out on the surface of
adsorbents. Acrylic acid monomer units were grafted on the
surface of coir pith, and an adsorption capacity increase
from 165 to 196mg/g was reported [16]. +e improved
performance was attributed to the increased density of
–COOH adsorption sites on the material surface. Behbahani
et al. [17] grafted 1,5′-diphenylcarbazide on the surface of
multiwalled carbon nanotubes for the extraction of Cd(II)
ions from water samples and food products. Extraction
efficiency greater than 97% with a limit of detection (LOD)
of 0.05 ng/mL was achieved. Grafting or polymerization
introduces specific functional groups, NH, SH, OH, or
COOH, on the surface of adsorbents. In a recent study [18],
it was shown that modification of natural Populus tremula
fibers with amino ligands led to increased adsorption capacity
of acid blue 25 from 22.33mg/g for unmodified to 48mg/g for
hydrazine fiber and 67mg/g for ethylenediamine fiber. Masau
stones were chemically modified with diethylenetriamine
through a cross-linking protocol, and 87.32mg/g adsorption
capacity was reported [19]. +e presence of protonated amino
groups at acidic conditions was credited to the biosorption-
coupled reduction removal mechanism of Cr(VI). Similarly,
Pakade et al. [20] achieved high adsorption capacity of
145.5mg/g following modification of Macadamia nutshell-
based carbon with diethylenetriamine and triethylamine li-
gands. From the mentioned studies, it is obvious that Cr(VI)
has a high affinity for amine functional groups, and it is this
narrative that led to the present study where Macadamia
nutshells were functionalized, for the first time, with 1,5′-
diphenylcarbazide for the eradication of hexavalent chro-
mium from aqueous solution.

Hexavalent chromium [Cr(VI)] and trivalent chromium
[Cr(III)] are the most stable forms of Cr in the environment.
Cr(VI) is a toxic strong oxidant capable of penetrating the
biological cell membranes due to its similarity to sulphates in
structure [21]. On the other hand, Cr(III) is less toxic and is
regarded as a micronutrient at minute concentrations but
could be toxic if concentrations are high [22]. Exposure to
Cr(VI) compounds may lead to health detrimental effects
like lung cancer, kidney damage, epigastric pain, nausea,
vomiting, and even death [23, 24]. Careless disposal and
improper treatment of effluents from leather tanning,
electroplating, textile dyeing, mining, and wood preserva-
tion industries lead to contamination of the environment by
Cr(VI) compounds. Owing to their advantages of simplicity,

low cost, and fine-tuning of functional groups, adsorption
methods have found more applications for the elimination
of toxic metals. +erefore, the current study aimed to em-
ploy Macadamia nutshells oxidized with H2O2 in removing
Cr(VI) from aqueous solution and also investigate whether
any amelioration in adsorption performance would be
achieved following functionalization of H2O2-treated ma-
terials with 1,5′-diphenylcarbazide. Confirmation of the
grafting was sought after using the Fourier transform in-
frared spectroscopy, thermal analysis, and scanning electron
microscopy. Adsorption was evaluated by varying pH, time,
concentration, and dosage, and various models were used to
substantiate the adsorption mechanism involved.

2. Materials and Methods

2.1. Chemicals and Instrumentation. Reagent grade potas-
sium dichromate, stannous chloride, ethyl chloride, meth-
anol, toluene, hydrogen peroxide (50% wt.), sodium
hydroxide, hydrochloric acid, and 1,5′-diphenylcarbazide
were purchased from LabChem and Merck Chemical Co.
(Johannesburg, South Africa) and were used without further
purification. pH adjustments weremonitored byHI 2210 from
Hanna Instruments (Johannesburg, South Africa), while ul-
trapure water used for all reactions was obtained from Siemens
LaboStar equipment (Warrendale, Pennsylvania, USA). Batch
adsorption experiments were conducted in duplicate on an
end-over-end Labcon 3100U electrical shaker (Maraisburg,
South Africa). Sample preparation and analysis of chromium
in solution before and after adsorption was conducted as
detailed in our previous studies [4].Macadamia nutshells were
kindly donated by Eastern Produce Estates SA (Pty) Ltd from
Tzaneen and Danroc (Pty) Ltd from Barbaton, South Africa.

2.2. Preparation of Adsorbents

2.2.1. Chemical Pretreatment. Following removal of debris
and dirt, Macadamia nutshells were washed with running
tap water and then dried for 24 h in an oven at 105°C. +e
dried nutshells were then ground, milled, and sieved col-
lecting between 90 µm and 150 µm screens. +e collected
sample was designated as raw Macadamia nutshells
(RMNs). +en, the RMN was oxidized and/or bleached with
20%, 35%, and 50% (v/v) H2O2 solution, resulting in the
formation of more oxygen-bearing functional groups on its
surface. +e resultant materials were labeled 20MHP,
35MHP, and 50MHP to correspond to the different H2O2
concentrations used for oxidation of Macadamia nutshell
powder. +e milling process not only aids with particle size
reduction but also could reduce the crystallinity and the
degree of polymerization of the polysaccharides in biomass
[5] leading to improved adsorption performance.

2.2.2. Functionalization of MHP with Diphenylcarbazide. A
method adapted from Behbahani et al. [17] was used with
modifications. Briefly, one gram of 20MHP was suspended
in 100mL of dry ethyl chloride (CH3CH2Cl2) under nitrogen
(N2) atmosphere in a 250mL round-neck flask equipped
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with a magnetic stirrer and a condenser. About 2 g of
stannous chloride was added to the mixture. Following 24 h
of re�ux, the solvent (CH3CH2Cl2) was removed under
reduced pressure and the resultant solid was suspended in
toluene. About 5 g of excess diphenylcarbazide (DPC) was
added to the reaction vessel, and the contents were re�uxed
for further 24 h. On completion, the solid was �ltered,
washed with toluene and methanol, and then dried at room
temperature. �e product was labeled 20MHPD to signify
DPC grafting on 20MHP.�e same procedure was followed
but 20MHP was replaced with 35MHP and 50MHP with
the resolution products labeled 35MHPD and 50MHPD,
respectively. Figure 1 shows the preparation procedure.

2.3. Characterization of Adsorbents. Scanning electron mi-
croscopic images were obtained from an FEI Quanta 200
SEM (FEI, Hillsboro, OR, USA) and Jeol IT-300 tungsten
scanning electron microscopy equipped with secondary
backscattering electron detectors and an Oxford energy
dispersive X-ray (EDX) analysis external probe. Samples
were coated with gold using a QuorumQ150R sputter coater
(Quorum Technologies Ltd, East Sussex, UK). �e coating
thickness was precisely controlled at 5 nm using the �lm
thickness monitor option of the Quorum Q150R sputter.
Functional group analysis on the surface of adsorbents was
obtained from a PerkinElmer Spectrum 400 FT-IR/FT-NIR
spectrometer (Waltham, MA, USA) recording from 4000 to
500 cm−1. �ermal analysis of adsorbents was elucidated
using a PerkinElmer TGA 4000 thermogravimetric analyzer
(Waltham, USA). Centrifugation was accomplished employ-
ing a CL10 �ermoScienti�c centrifuge (Johannesburg, South
Africa).

2.4. Adsorption Studies. �e Macadamia adsorbents (MHP
andMHPD) were evaluated for their Cr(VI) removal e�cacy
through batch experiments conducted in duplicate. Various
parameters that in�uence adsorption including the e�ect
of pH (pH 1 to pH 12), contact time (20–180min), initial
adsorbate concentration (25 to 150mg/L), and adsorbent
dosage (0.63 to 10.63 g/L) were studied. In a typical ex-
periment setup, 0.05 g of adsorbent was charged to a solution
of Cr(VI) (20mL of 100mg/L) contained in a 100mL glass
bottle, and the pH was adjusted with HCl or NaOH diluted
solutions. �e contents were allowed to react for 120min on

the electrical shaker followed by solid/liquid separation
through centrifugation. �e concentration of Cr(VI) and
total Cr was measured with UV-Vis spectrophotometer
T80+ (PG Instruments) and atomic absorption spectroscopy
(AA-7000 from Shimadzu, Kyoto, Japan), respectively, as
detailed in our previous studies [4, 25]. �e performance of
adsorption was evaluated by calculating the removal per-
centage (%R) andmaximum adsorption capacity (qe (mg/g))
using (1) and (2), respectively:

%R �
C0 −Ce( )

C0
× 100, (1)

qe �
V C0 −Ce( )

m
, (2)

where Ce is the adsorbate equilibrium concentration (mg/L),
C0 is the adsorbate initial concentration (mg/L), m is the
mass of adsorbent (g), and V is the volume of solution used
in adsorption (L).

3. Results and Discussion

3.1. Characterization of Materials

3.1.1. Fourier Transform Infrared Spectroscopy (FTIR)
Analysis. Figure 2(a) depicts the Fourier transform infrared
spectroscopy (FTIR) spectra of RMN, 20MHP, 35MHP, and
50MHP adsorbents. �e hydrogen peroxide-oxidized
Macadamia nutshells (MHP) have a broad vibrational
stretch at 3330 cm−1 accredited to the presence of bonded
OH groups of the cellulose, C�O of carboxyl functional
groups at 1728 cm−1, and the –C–O stretch of the primary
alcohol at 1029 cm−1. �e H2O2 treatment was mild as the
structural backbone of the RMN was not greatly altered, but
peak shift characteristics of treatment were observed. In
accordance with the results reported during chemical
treatment of grape peelings with H2O2 [7] and lightweight
expanded clay aggregate adsorbent with aqueous solution of
magnesium chloride and hydrogen peroxide [26], no new
peaks were observed suggesting a minimal in�uence of H2O2
on the chemical structure of biosorbents. �e C�O band at
1712 cm−1 in the RMN shifted to 1728 cm−1 in MHP ad-
sorbents accompanied by a change in peak shape implying
that the H2O2 yielded C�O of a di�erent chemical envi-
ronment to the RMN. In addition, the C–O band of primary
alcohols also shifted from 1031 to 1029 cm−1 after peroxide

H2O2 SnCl2

CH3CH2Cl2

O

Macadamia powder

O
N

N

NH

NH
O

OOH

DPC

80°C, toluene

O

Cl

Figure 1: Preparation of diphenylcarbazide-grafted adsorbents.
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treatment. �e –C–O–C vibrations shifted from 1234 to
1228 cm−1 after chemical treatment of the RMN with H2O2
[27]. Immobilization of DPC onMHP resulted in adsorbents
with di�erent functional groups as depicted in Figure 2(b).
New absorption peaks at 3361 cm−1 attributed to the –NH
stretch of DPC, –C�O of the amide at 1657 cm−1, –CH
stretch of the aromatic ring at 3036 cm−1, –CN stretch at
1233 cm−1, –CH bending at 743 cm−1, and –C�C vibrations
of the benzene ring at 1591 and 1486 cm−1 were observed. In
addition, absorption peaks due to the parent material were
still present: carboxyl –C�O at 1710 cm−1 and primary al-
cohol –C–O stretch at 1100 cm−1 [18]. All these observations
pointed to the e�ectiveness of modi�cation and immobili-
zation of the DPC ligand.

3.1.2. �ermogravimetric Analysis (TGA) and Di�erential
�ermal Analysis (DTA). Figure 3 shows the TGA and DTA
thermograms for the RMN and MHP. According to
Paduraru et al. [28], thermal degradation of biomass follows
four distinct stages, namely, the moisture evolution and
decomposition of hemicellulose, cellulose, and lignin. �ese
di�erent decomposition stages were also observed with our
materials. In all thermograms, the �rst decomposition ob-
served from 50°C to 90°C was attributed to the loss of
moisture and sorbed water. �e second decomposition
with the maximum mass loss rate at 318°C, 303°C, 326°C,
and 317°C for RMN, 20MHP, 35MHP, and 50MHP, re-
spectively, was due to degradation of hemicellulose struc-
tures. �e third decomposition observed at 385°C (RMN),
392°C (20MHP), 374°C (35MHP), and 382°C (50MHP) was
accredited to cellulose structure disintegration. �e �nal
degradation which took place beyond hemicellulose deg-
radation was attributed to the slow decomposition of lignin.
In addition, the RMN, 20MHP, and 35MHP displayed loss
of volatile components, probably CH4, H2, CO2, or CO, at
about 250°C, and this was absent in 50MHP adsorbent
probably because the 50% (v/v) H2O2 treatment was too

harsh and eliminated all the volatile components Yang et al.
[29] also observed evolution of volatile compounds (CH4,
H2, CO2, and CO) at temperatures below 300°C during
pyrolysis of hemicellulose. �e exact degradation temper-
atures of cellulose and hemicellulose were di�erent in all
materials indicating that the treatment in�uenced the
structure and surface properties of these materials.

�e DPC-grafted materials exhibited distinct thermo-
grams compared to the H2O2-treated materials. �e
thermograms are shown in Figure 4. In all thermograms,
loss of moisture and adsorbed water was observed at
about 80°C. �e more pronounced degradation at about
205°C was attributed to the decomposition of DPC from
MHPD. Another notable peak was at 270°C attributable to
the decomposition of cellulosic structures. Slow degrada-
tion of lignin can be appreciated from 335°C onwards.
Clearly, the 50MHPD exhibited slightly di�erent de-
composition peak shapes. Dhakal et al. [30] alluded that the
di�erence in peak shapes and decomposition temperatures
showed that the structural backbone of the adsorbents was
a�ected by the chemical treatment to which they were
exposed to.

3.1.3. Scanning Electron Microscopy (SEM). �e morpho-
logical properties of the adsorbent surface were elucidated
using scanning electronmicroscopy (SEM).�e SEM images
for MHP and MHPD adsorbents are shown in Figure 5.
RMN SEM was typical of plant material SEM with rough
surface texture and scaling but with no observable porosity
[4]. Upon treatment with H2O2, some surface porosity was
observed as round spots in MHP samples. Grafting MHP
with DPC yielded materials with much rougher texture, but
pores disappeared. �e di�erences in surface topographies
between MHP and MHPD adsorbents proved that func-
tionalization did occur. �e disappearance of open pores
due to grafting was observed elsewhere [31], while Albadarin
et al. [19] also noted di�erences in surface topographies of
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Figure 2: (a) FTIR spectra of RMN (i), 20MHP (ii), 35MHP (iii), and 50MHP (iv) adsorbents. (b) FTIR spectra of 20MHPD, 35MHPD,
and 50MHPD adsorbents.
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WTamine-modi�ed masau stones incurred by chemical
treatment.

3.1.4. Brunauer–Emmett–Teller (BET) Analysis. �e
Brunauer–Emmett–Teller (BET) surface analysis was carried
out to assess the pore volume, surface area, and pore size of
the adsorbents. Table 1 lists the BET, surface area, pore
volume and pore diameter results for MHP and MHPD
adsorbents. Typical of biomass, the surface area values were
relatively small ranging from 0.0063 to 0.5093m2/g. It seems
that grafting of DPC onMHP decreased the surface areas as in
the case of 35MHP (1.0019m2/g) and 35MHPD
(0.2034m2/g) as a result of surface coverage. On the contrary,
the surface area for 20MHP increased to 0.5093m2/g after
DPC grafting. Surface areas in the range of 2.8 to 6.3m2/g for
palm branches [32] and from 3.1477 to 3.6672m2/g for peat
and coconut �bers [33] have been reported.

3.2. Adsorption Experiments

3.2.1. E�ect of pH. �e e�ect of pH on the removal
of hexavalent chromium by 20MHP, 35MHP, 50MHP,
20MHPD, 35MHPD, and 50MHPD was carried out in batch
adsorption experiments by varying the pH from 1 to 12 while

the initial concentration of Cr(VI) was 150mg/L and the
adsorbent dose was 2.5 g/L. �e results are displayed as %R

versus initial pH in Figure 6. Both the MHP and the MHPD
adsorbents exhibited a similar trend where %R decreased as
the initial pH of the solution was increased from 1 to 12.
Highest removal of Cr(VI) took place at pH 1, but there was
a clear separation in terms of performance between theMHP
and MHPD adsorbents, with the latter exhibiting superior
removal starting at 90% and decreasing to 79%, while the
former ranged from 50% to 4% removal. �at is, all these
adsorbents showed a strong dependence in solution pH
where maximum adsorption occurred at acidic conditions
[4, 34]. �e high removal at low pH is the result of elec-
trostatic attraction between positively charged adsorbent
sites (protonation) (COOH2

+ and OH2
+ for MHP and NH+

forMHPD) and the hydrogen chromate ions [35]. Hydrogen
chromate (HCrO4

−) is usually the most dominant Cr(VI)
species at acidic conditions and under oxidizing conditions.
On the other hand, dichromate (Cr2O7

2−) is stable at weakly
acidic and low oxidizing conditions, but as the pH is in-
creased towards the basic region, the equilibrium tends to
shift to chromate (CrO4

2−) [25, 32]. �e decline in %R as the
pH was increased could be due to the depletion of protons
resulting in less protonated sites and more OH− groups that
can lead to competition with chromate ions for adsorption
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Figure 3: (a)TGA and DTA thermograms for RMN (a), 20MHP (b), 35MHP (c), and 50MHP (d) adsorbents.
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sites. Similar pH e�ciency trends have been reported by
several researchers [20, 31, 35–37]. Besides the predicted
electrostatic attraction of Cr(VI) to the cationic group
mechanism, the reduction of Cr(VI) to Cr(III) cannot be
ruled out because it has been demonstrated in the past that
Macadamia nutshell-based adsorbents favored adsorption-
coupled reduction uptake of Cr(VI) [4, 38].

3.2.2. E�ect of Contact Time and Kinetics. To investigate the
feasibility and e�ciency of Cr(VI) adsorption onto MHP and
MHPD adsorbents, contact time was varied from 20 to
180min, while all other parameters were kept constant. �e %
removal of Cr(VI) byMHP andMHPD as a function of time is
shown in Figure 7. Two distinct sets of results were observed
where the MHP adsorbents performed poorly compared to
MHPD.�e%R forMHPadsorbents increased from12 to 70%
as time was varied from 20 to 180min and seemed to not have
reached equilibrium even after 180min of contact time. �is
could mean that the process of adsorption by MHP adsorbents
was quite slow as there were adsorption sites not accessible after
180min of reaction time. �e order of adsorption e�ciency
was 50MHP> 35MHP> 20MHP. Grafting MHP with DPC
yielded adsorbents with better performance in terms of %R

and reaction kinetics. �e %R of MHPD was much higher
than that of MHP ranging from 65 to 98%, while the satu-
ration was achieved only after 40min. In some of these curves,
the three stages of adsorption processes were notable, that
is, the boundary layer saturation (20 to 30min), di�usion
into internal pores (30 to 40min), and equilibration (be-
yond 40min). �e high a�nity of the adsorbate to ad-
sorption sites (physical adsorption or ion exchange) was
associated with the higher sorption rate at initial times
[34]. MHPD adsorbents possessed more functional groups
with better accessibility due to the high a�nity of Cr(VI)
for protonated amino groups. �e order of e�ciency was
20MHPD>50MHPD> 35MHPD.

3.2.3. Kinetic Parameters. Pseudo-�rst-order [39] and
pseudo-second-order [40] kinetic models were employed
to study the kinetic parameters governing the adsorption of
Cr(VI) to MHP andMHPD adsorbents.�e time dependency
data were �tted into nonlinear pseudo-�rst-order (PFO) and
pseudo-second-order (PSO) equations (3) and (4). �e results
as illustrated in Table 2 revealed that all the adsorbents, except
20MHP and 35MHPD, followed the PSO rate model as
judged by the higher coe�cient of correlation (R2), lower X2,
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Figure 4: TGA and DTA thermograms for RMN (a), 20MHPD (b), 35MHPD (c), and 50MHPD (d) adsorbents.

16 Bioinorganic Chemistry

__________________________ WORLD TECHNOLOGIES __________________________



WT
and closeness of qt to qe values in PSO in comparison to the
PFOmodel. It could then be inferred that PSO represented the
adsorption of Cr(VI) by all MHP and MHPD adsorbents
barring the 20MHP and 35MHPD which obeyed PFO. +e
adsorbents obeying PSO were predicted to favor chemi-
sorption [31, 33], while those described by PFO favored
physisorption [18]. It has been argued by Albadarin et al. [19]
that the PFO and PSO kinetic models are empirical equations
and therefore not fully account for the chemical and physical
interactions of adsorbates. +e complex nature of Cr(VI)
interaction with adsorbents (i.e., adsorption/reduction) makes
it difficult to explain the mechanism with only one model as is
the case with 20MHP. +e k values were relatively small,
implying that the sorption process required more time to
approach saturation [19].

qt � qe 1− exp−k1t
 , (3)

qt �
tk2 · q2e
1 + k2tqe( 

, (4)

where k1 (1/min) is the PFO rate constant, qt (mg/g) is the
amount of Cr(VI) (mg) adsorbed by the adsorbent (g) at
time t, and k2 (g/mg min) is the PSO rate constant.

3.2.4. Intraparticle and Liquid Film Diffusion. Intraparticle
and/or film diffusion (external mass transfer) represent
possible mechanisms by which adsorption of adsorbates
onto porousmaterials could take place [41].+e intraparticle
diffusion model proposed by Weber et al. [42] represented

(a) (b)

(c) (d)

(e) (f)

Figure 5: Scanning electron microscopic images for 20MHP (a), 35MHP (b), 50MHP (c), 20MHPD (d), 35MHPD (e), and 50MHPD (f).
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WThere by (5) was used to determine the rate-controlling steps
and mechanism of adsorption of Cr(VI). In addition, liquid
�lm di�usion was evaluated by �tting the data into (6).

qt � kdt
0.5

+ C, (5)

Ln 1−
qt

qe
( ) � −kfdt, (6)

where kd (mg/(g·min0.5)) is the rate constant for intraparticle
di�usion, kfd is the �lm di�usion rate constant, and the
boundary layer thickness is represented by the intercept
C (mg/g). According to literature [43–45], intraparticle
di�usion is deemed the only rate-controlling step when the
plots of qt versus t0.5 yield a straight line passing through the
origin. It can be seen in Figures 8(a) and 8(c) that the ad-
sorbents exhibited di�erent mechanisms, that is, linear line
over the entire time interval (20MHP, 35MHP, 20MHPD,
and 50MHPD) and multilinearity (50MHP and 35MHPD).
Even those that were straight lines, none passed through the
origin but implied the dominance of the intraparticle dif-
fusionmechanism and insigni�cant mass transfer resistance.
�e curves with multilinearity showed the existence of �lm
di�usion (the �rst steep curve) and intraparticle di�usion
(the second �at curve). Assessment of the liquid thin-�lm
di�usion model (Figures 8(b) and 8(d)) shows great linearity

with R2 > 0.98, but lines did not pass through the origin
point suggesting that �lm di�usion was also not the only
rate-limiting step.

3.2.5. E�ect of Initial Concentration and Adsorption
Isotherms. Figure 9 shows the adsorption capacity (qe) as
a function of initial adsorbate concentration. It can be ap-
preciated that the adsorption capacities increased as the initial
concentration of Cr(VI) was increased from 20 to 180mg/L.
�e magnitudes of qe varied as follows: 4.9 to 15mg/g
for 20MHP, 5.1 to 20mg/g for 35MHP, 5.1 to 40mg/g
for 50MHP, 6 to 70mg/g for 20MHPD, 7 to 50mg/g for
35MHPD, and 7 to 74mg/g for 50MHPD. �ese results
clearly showed that the adsorption of Cr(VI) was concen-
tration dependent, that no saturation was realized except
20MHP and 35MHP, and that MHPD adsorbents were
superior to MHP adsorbents. �e increase in sorption ca-
pacity as concentration was increased could be explained on
the basis that, at low adsorbate concentrations, the number
of available adsorption sites compared to Cr(VI) ions was
higher leading to higher Cr(VI) removal, but as the initial
concentration of Cr(VI) was increased, this ratio (adsorption
site/Cr(VI) ion) decreased resulting in saturation, lesser %R,
and higher adsorption capacities [25, 36, 46].
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Table 1: BET surface characterization.

Adsorbents
Surface characterization

Pore size (nm)
Pore volume (cm3/g) BET surface area (m2/g)

20MHP — 0.0063 —
35MHP 0.002717 1.0019 10.85013
50MHP — 0.5093 —
20MHPD — 0.1047 —
35MHPD — 0.2034 —
50MHPD — 0.0647 —
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To account for the interaction between Cr(VI) and

MHPD adsorbents, nonlinear Langmuir and Freundlich
adsorption isotherms were used to model the adsorption
equilibrium data from the effect of concentration. +e
Langmuir pertains to monolayer adsorption of adsorbates
onto homogeneous adsorption sites, while the Freundlich
advocates the multilayer adsorption mechanism on het-
erogeneous sites. Table 3 illustrates the adsorption constants
obtained from the isotherms. Comparing the MHP adsor-
bents using the coefficient of determination (R2) and the
variance, it can be seen that the Freundlich model exhibited
higher R2 values and lower variance. In addition, the qe and
Langmuir qm values were not closer together. +erefore, it
was concluded that the data for MHP were best described
by the Freundlich model, implicating that the mechanism
of removal was a multilayer process on heterogeneous
adsorption sites. +e Freundlich 1/nF values were less
than unity indicating a feasible and favorable adsorption of
Cr(VI) on the MHP surface.

3.2.6. Effect of Dosage and Adsorption Capacity
Comparison. Figures 10(a) and 10(b) portray the %R of
Cr(VI) as a function of adsorbent dosage for MHP and
MHPD adsorbents. In both cases, the %R of Cr(VI) in-
creased with increasing dose levels from 0.63 to 10.63 g/L.
+e %R increased sharply from 50 to 88% as the dose was
increased from 0.63 to 4.63 g/L and slowed down afterward
almost reaching equilibrium for MHP adsorbents at 92%
removal. For MHPD adsorbents, the %R increased steeply
from 67 to 93% when the dosage was increased from 0.63 to
2.63 g/L and only increased to 95% afterward as equilibrium
was attained. It is clear that MHPD adsorbents were superior
to MHP adsorbents as only half the dosage (2.63 g/L) was
needed to achieve the same maximum %R by MHP at
4.63 g/L. +e increased removal at higher doses could be due
to the presence of more adsorption sites leading to high ion
exchange capacity and surface area [5, 34, 36]. In both cases,
the adsorption capacity decreased as the dose was increased
probably because there was overlapping resulting from
overcrowding of adsorption sites [47].

+e performance of the prepared adsorbents was
demonstrated by comparing their adsorption capacities to
those of other biosorbents found in the literature.+e results
illustrated in Table 4 revealed that adsorption capacities of
adsorbents may vary widely making it difficult to compare

because of different experimental conditions (dosage, pH,
adsorbate concentration, stirring rate, shaking versus stir-
ring, and column versus batch) used. Nonetheless, the
present result was comparable to other adsorbents but lower
than others.

3.3. Selectivity of Cr(VI) Ion. Investigation of the effect of
competing ions is paramount for any developed adsorbent
because pollutants often exist together with a host of other
chemicals including organic, inorganic, and biological
materials. It has been shown that the presence of sulphates
and nitrates impacted the removal of Cr(VI) negatively [15,
48, 49]. In this study, a concoction of a solution containing
150mg/L of each of Cr(VI), SO4

2−, Cl−, and NO3
− was

prepared from their respective salts and used to investigate
the effect of co-ions on adsorption of Cr(VI). Another so-
lution containing only Cr(VI) was used as a control. +e
results depicting the %R of Cr(VI) in the presence and
absence of co-ions are presented in Figure 11. +e per-
cent removal of Cr(VI) decreased from 80 to 79% for
20MHP, 87 to 80% for 50MHP, 95 to 93% for 20MHPD,
and 85 to 82% for 50MHPD, while the %R was exactly the
same for 35MHPD but the removal was higher in the
presence of co-ions when 35MHP was used. +e 50MHPD
adsorbents showed superior selectivity than 20MHPD and
35MHPD.+e latter was negatively affected by the presence
of competing ions, but still, the %R was still greater than
80%. +e prepared adsorbents demonstrated good recog-
nition of Cr(VI) in the presence of competing ions and can
thus be recommended as alternative low-cost adsorbents for
the mitigation of Cr(VI).

3.4. Application to Real-World Sample. A wastewater sample
with the chemical qualities Cr3+ (4mg/L), Zn2+ (1mg/L),
Fe2+ (6mg/L), Ni2+ (2mg/L), and Cu2+ (31mg/L) was used
to investigate the performance of the developed adsorbents
in a real-world sample. All were prepared from their chloride
salts. +e sample was spiked with 30mg/L Cr(VI). Figure 12
shows the results of %R of Cr(VI) from the spiked solu-
tion by MHPD adsorbents. +e efficiency in the removal
of Cr(VI) by MHP adsorbents decreased in the order
20MHP> 35MHP> 50MHP from 82%, 75%, and 53%
removal, respectively. In contrast, the removal increased in
the order 80%, 85%, and 88% for 20MHPD, 35MHPD, and
50MHPD, respectively. +e decrease in %R as the percent of

Table 2: PFO and PSO kinetic parameters for adsorption of Cr(VI) by MHP and MHPD.

Parameters 20MHP 35MHP 50MHP 20MHPD 35MHPD 50MHPD
qt (mg/g) 18.11 18.96 22.5 58.77 56.89 56.81
qe (mg/g) 21.26 17.05 21.77 57.96 55.80 53.58
k1 (1/min) 0.0107 0.0224 0.0325 0.1286 0.0644 0.151
R2 0.939 0.615 0.940 0.799 0.967 0.637
X2 41.71 14.04 11.24 0.40 5.93 0.780
qe (mg/g) 31.09 20.82 25.73 59.52 60.25 56.78
k2 (g/mg min) 0.0025 0.00117 0.00147 0.0085 0.00198 0.00863
R2 0.942 0.725 0.936 0.896 0.881 0.887
X2 89.12 26.83 22.1 0.95 11.72 2.19
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H2O2 increased (20MHP, 35MHP, and 50MHP) was
probably due to the high density of oxygenated groups on
the surface imparted by a high concentration of H2O2
leading to the high a�nity for cations. On the other hand,
the removal increased with increasing H2O2 concentration
for MHPD because of higher concentration of DPC which
favored removal of Cr(VI) at low pH due to protonation.�e
results revealed that the prepared adsorbents are suitable to
be used for the remediation of water contaminated with
metal ions as the %R was greater than 70% except for the
50MHP adsorbents.

4. Conclusion

�ree di�erent concentrations of hydrogen peroxide (20, 35,
and 50% vol.) were utilized to pretreat the Macadamia
nutshell powder. �e pretreatment imparts some oxygen-
containing groups (C�O, OH, and C–O–C) on the surface of

the nutshells. It was demonstrated by FTIR that the H2O2
treatment resulted in shifting of C�O peak from 1712 to
1728 cm−1 and the C–O peak from 1031 to 1029 cm−1 in
comparison to the RMN. Grafting of 1,5′-diphenylcarbazide
on the RMN was con�rmed with FTIR, SEM, and TGA. �e
FTIR showed new peaks at 3333 and 1657 cm−1 attributed to
NH and amide C�O, respectively. Successful grafting was
further corroborated by the TGA curves of MHPD showing
high volatility due to the presence of DPC compared to
MHP. SEM micrographs of MHPD exhibited much rougher
surface than the MHP, and this was associated with grafting.
�e BETsurface area ranged from 0.0063 to 0.5093m2/g, and
these were typical of biomass materials. �e adsorption
e�ciency of MHP treated with 50% H2O2 improved from
37.74 to 72.12mg/g for the grafted materials. �e im-
provement in adsorption capacity validated the e�ciency
of grafting. �e adsorption process was best described
by Langmuir and PSO. In addition, it was shown that
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Figure 8: Intraparticle and liquid �lm di�usion of MHP (a, b) and MHPD (c, d) adsorbents.
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Figure 10: E�ect of adsorbent dosage for the removal of Cr(VI) by MHP and MHPD adsorbents (conditions: initial Cr(VI) concentration
150mg/L; pH 2; and time 120min).

Table 3: Freundlich and Langmuir adsorption constants for MHP.

Models Parameters 20MHP 35MHP 50MHP
qe (mg/g) 14.60 22.24 37.74

Langmuir qm (mg/g) 21.77 27.76 60.59
qe � qmax · b · Ce/(1 + bCe) b (L/mg) 0.0173 0.0391 0.0189

R2 0.873 0.935 0.961
Var∗ 2.72 2.81 6.67

KF (mg1−1nL1/n/g) 1.33 3.27 3.39
Freundlich nF 1.96 2.33 1.84
qe � KF · C1/nf

e R2 0.906 0.947 0.974
Var∗ 2.02 2.29 4.39

∗Sum of square errors divided by degrees of freedom.
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Figure 9: E�ect of initial solution concentration for the removal of Cr(VI) by MHP and MHPD adsorbents (conditions: contact time
180min; dosage 2.5 g/L; and pH 2).
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Table 4: Comparison of adsorption capacities.

Adsorbents Pretreatment Functionalization pH qm (mg/g) References
Potato peels HCl — 2.5 3.28 [45]
Raw rutin Extraction/isolation — 3 26.3 [34]
Rutin resin Formaldehyde/HNO3 — 3 41.6 [34]
Banana peels HCl/NaOH/H2O2 Acrylonitrile grafted 3 6.17 [31]
Palm branches H2SO4 — 2 25 [32]
Palm branches Acetic acid Chitosan 6 55 [32]
Palm branches H2SO4 Cationic surfactant 6 41.7 [32]
Grape peelings H2O2 — 5.5 39.06 [7]
Banana peels — — 5 3 [15]
Orange peels — — 3 9 [15]
Coir pith — Acrylic acid 2 165 [16]
Masau stones NaOH Epichlorohydrin/diethylenetriamine 3.5 87.33 [19]
Coir pith — Acrylic acid 2 196 [16]
Macadamia nutshell H2O2 — 1 37.74 �is study
Macadamia nutshell H2O2 Diphenylcarbazide 1 72.12 �is study
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intraparticle diffusion was not the only rate-controlling step.
+e adsorption of Cr(VI) by MHPD was less affected by the
presence of competing ions as it was shown in selectivity
studies and application to real-world sample.

Abbreviations

DPC: 1,5′-diphenylcarbazide
MHP: Macadamia nutshell powder oxidized by

hydrogen peroxide solutions
20MHP: Macadamia nutshell powder oxidized by 20%

(v/v) hydrogen peroxide solutions
35MHP: Macadamia nutshell powder oxidized by 35%

(v/v) hydrogen peroxide solutions
50MHP: Macadamia nutshell powder oxidized by 50%

(v/v) hydrogen peroxide solutions
20MHPD: 20MHP adsorbent grafted with DPC
35MHPD: 35MHP adsorbent grafted with DPC
50MHPD: 50MHP adsorbent grafted with DPC
BET: Brunauer–Emmett–Teller
DTA: Differential thermal analysis
EDX: Energy dispersive X-ray
FTIR: Fourier transform infrared spectroscopy
LOD: Limit of detection
PFO: Pseudo-first order
PSO: Pseudo-second order
RMN: Raw Macadamia nutshell
SEM: Scanning electron microscopy
TGA: +ermogravimetric analysis.

Additional Points

Highlights. Macadamia nutshell powder was oxidized with
hydrogen peroxide. +e peroxide-modified materials were
grafted with diphenylcarbazide. Grafting with diphe-
nylcarbazide improved the adsorption capacity. Presence of
co-ions did not influence the removal efficiency. Adsorbents
demonstrated good recoveries when subjected to real-world
sample.
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Metallotriazine complexes possess interesting biological and medicinal properties, and the present study focuses on the
synthesis, characterization, and antimicrobial activity of four novel copper-triazine derivatives in search of potent antibacterial
and antifungal drug leads. In this study, 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4,4′-disulfonic acid monosodium salt (L1,
ferrozine) and 3-(2-pyridyl)-5,6-di(2-furyl)-1,2,4-triazine-5,5′-disulfonic acid disodium salt (L2, ferene) have been used as
ligands to study the complexation towards copper(II). �e synthesized complexes, [CuCl2(ferrozine)]·7H2O·MeOH (1),
[CuCl2(ferrozine)2]·5H2O·MeOH (2), [CuCl2(ferene)]·H2O·MeOH (3), and [CuCl2(ferene)2]·H2O·MeOH (4), have been
characterized spectroscopically, and preliminary bioassays have been carried out. FTIR spectroscopic data have shown that
N�N and C�N stretching frequencies of complexes have been shifted towards lower frequencies in comparison with that of the ligands,
confirming new bond formation between Cu and N, which in turn lowers the strength of N�N and C�N bonds. In addition,
a bathochromic shift has been observed for UV-visible spectra of complexes (1), (2), (3), and (4). Furthermore, elemental analysis data
have been useful to obtain empirical formulas of these complexes and to establish the purity of each complex. Complexes (1) and (2) have
shown antibacterial activity for both S. aureus (ATCC® 25923) and E. coli (ATCC® 25922) at 1mg/disc concentration, and ferrozine has
shown a larger inhibition zone against the clinical sample of C. albicans at 1mg/disc concentration in comparison with the positive
control, fluconazole.

1. Introduction

Transition metals have numerous and unique biological,
chemical, and physical properties due to the availability
of d electrons in valance shells. Much attention has been
focused on copper complexes due to their various potential
biological activities [1–4] out of which antimicrobial [5] and
antiviral activities is paramount [6–15].

Since triazine is a well-known natural material which
possesses many biological properties [16–21], it is not sur-
prising that organometallic complexes of triazine with first
row transition metals (Mn [22, 23], Co [24, 25], Ni [24, 25],
Cu [22, 24–28], and Zn [25]), with second row transition
metals (Ru [29], Pd [30], Ag [31], and Cd [32]), and with
third row transition metals (Re [33] and Pt [34–36]) have

been synthesized, and their activities explored as catalysts
[37] and biological agents such as antibacterial [25], anti-
cancer [29, 36], antifouling [24], antifungal [33], anti-HIV
[35], antimicrobial [25], antiproliferative [26, 34], antiviral
[28, 35], and DNA binding [26, 29, 30] agents.

Even though many reports exist of metal complexes of
triazine derivatives as detailed above, metal complexes con-
taining the pyridyl-1,2,4-triazine core are relatively un-
explored. Platinum(II) complexes of sulphonated 2-pyridyl-
1,2,4-triazine have been reported to possess anti-HIV activity
[35]. A copper(II) complex bearing 2,4,6-tris(2-pyridyl)-1,3,5-
triazine ligand has been reported to bind DNA in a moder-
ately strong way exhibiting significantly better anticancer
activity against breast cancer in comparison with cisplatin
[26]. An octahedral complex of rhenium(V), ML1L2L3L4
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(where L1� oxo, L2� chloride, L3� triphenylphosphine, and
L4� 3-hydrazino-5,6-diphenyl-1,2,4-triazine), has shown
comparable antifungal activity against Alternaria alternata
and Aspergillus niger [33]. We ourselves have explored the
potential of using rhenium complexes of ferene and ferrozine
(Figure 1) as biological imaging agents [38]. In our most
recent work, we have commented on the possible use of the
sca�old of sulfonated pyridyl triazine complexes being uti-
lized as serum albumin transporters [39]. As such, it seems
prudent to now explore its binding towards copper.

�us, the current study explores the synthesis of four
novel water-soluble complexes of the type, MLnCl2
(Figure 2) (where M�Cu2+, L� 3-(2-pyridyl)-5,6-diphenyl-
1,2,4-triazine-4′,4″-disulfonic acid sodium salt/3-(2-pyridyl)-
5,6-di(2-furyl)-1,2,4-triazine-5′,5″-disulfonic acid disodium
salt, and n� 1/2), their chemical characterization, and pre-
liminary tests to assess antimicrobial activity of above syn-
thesized complexes as well as of the ligands.

2. Experimental

2.1. Materials Used. All chemicals and reagents used for the
synthesis were commercially available and used without
further puri�cation. 3-(2-Pyridyl)-5,6-diphenyl-1,2,4-tri-
azine-4,4′-disulfonic acid monosodium salt (ferrozine), 3-
(2-pyridyl)-5,6-di(2-furyl)-1,2,4-triazine-5,5′-disulfonic acid
disodium salt (ferene), and methanol ACS reagent (assay
≥99.8%) were purchased from Sigma-Aldrich, and copper
(II) chloride dihydrate was purchased from Research-Lab
Fine Chem Industries. Mueller-Hinton agar was purchased
from Hardy Diagnostics, USA. Sodium chloride, sodium
hydroxide, and dextrose were purchased from HiMedia
Laboratories. �e bacteria were obtained by the Industrial
Technology Institute, Colombo.

2.2. Instrumentation. Elemental analysis was carried out on
PerkinElmer 2400 Series II CHNS/O Elemental Analyzer at
Atlantic Microlabs, USA. IR spectra were recorded using
�ermo Scienti�c NICOLET iS10 spectrophotometer in the
spectral range 4000–650 cm−1 for both ligands and complexes.
�ermo Spectronic Helios alpha UV-Vis double-beam
spectrophotometer was used to measure the absorbance
in the range of 190–1100 nm, and baseline correction was
performed using matched quartz cuvettes. High-resolution

mass spectra were recorded on an Agilent 6210 ESI TOF
LCMS mass spectrometer.

2.3. Synthesis

2.3.1. Preparation of [CuCl2(ferrozine)]·7H2O·MeOH (1).
A solution of ferrozine (0.25mmol, 0.1269 g) in methanol
(8.0 cm3) was added to copper chloride dihydrate (0.25mmol,
0.0435 g) in methanol (2.0 cm3). �en the resulting mixture
was stirred for 2 hours at room temperature and pro-
gression of reaction checked using TLC. A light green
colour crystalline precipitate was obtained after 2 days and
collected by �ltration (yield: 0.1264 g, 64%). IR (ATR;
]/cm−1): 1596.84(m) and 1498.22(s), ]C�N and ]N�N. UV-
Vis (MeOH; λmax [nm]): 205, 242, 298, and 327. Anal. Calc.
for C20H13Cl2CuN4NaO6S2·7H2O·CH3OH: C, 32.12; H,
3.98; N, 7.14. Found: C: 31.68%, H: 3.80%, and N: 7.42%.
ESI-MS (m/z): [M −H]− calcd for C20H13ClCuN4O6S2,
565.9179; found, 565.9188.

2.3.2. Preparation of [CuCl2(ferrozine)2]·5H2O·MeOH (2).
A procedure similar to that given above was followed using
copper chloride dihydrate (0.25mmol, 0.0435 g) and ferrozine
(0.50mmol, 0.2538 g). �e resulting mixture was stirred for 5
hours. A dark green colour crystalline precipitate was ob-
tained after 2 days and collected by �ltration (yield: 0.1937 g,
62%). IR (ATR; ]/cm−1): 1595.69(m) and 1498.50(s), ]C�N and
]N�N. UV-Vis (MeOH; λmax [nm]): 213, 240, 301, and 334.
Anal. Calc. for C40H26Cl2CuN8Na2O12S4·5H2O·CH3OH: C,
39.66; H, 3.25; N, 9.03. Found: C: 39.29%, H: 3.76%, N: 9.23%.
ESI-MS (m/z): [M−H]− calcd for C40H26CuN8O12S4,
999.9833; found, 999.9776.

2.3.3. Preparation of [CuCl2(ferene)]·H2O·MeOH (3). A
solution of ferene (0.25mmol, 0.1236 g) inmethanol (8.0 cm3)
was added to copper chloride dihydrate (0.25mmol, 0.0435 g)
in methanol (2.0 cm3). �en the resulting mixture was stirred
for 6 hours at room temperature and progression of reaction
checked using TLC technique initially and at the end. A
yellow colour crystalline precipitate was obtained after 1 day
and collected by �ltration (yield: 0.1183 g, 75%). IR (ATR;
]/cm−1): 1567.49(m) and 1499.15(s), ]C�N and ]N�N. UV-Vis
(MeOH; λmax [nm]): 202, 239, 338, and 371. Anal. Calc. for
C16H8Cl2CuN4O8S2·H2O·CH3OH: C, 32.16; H, 2.54; N, 8.82.
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Figure 1: Structure of 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-p,p′-disulfonic acid monosodium salt (L1) (a) and 3-(2-pyridyl)-5,6-di(2-
furyl)-1,2,4-triazine-5,5′-disulfonic acid disodium salt (L2) (b).
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Found: C: 32.12%, H: 2.76%, N: 9.29%. ESI-MS (m/z): [M]−
calcd for C16H8CuN4O8S2, 510.9085; found, 510.9084.

2.3.4. Preparation of [CuCl2(ferene)2]·H2O·MeOH (4). A
procedure similar to above was followed using copper
chloride dihydrate (0.25mmol, 0.0435 g) and ferene
(0.50mmol, 0.2472 g). �e resulting mixture was stirred for
5 hours. A brown-yellow colour crystalline precipitate was
obtained after 1 day and collected by �ltration (yield: 0.1912 g,
65%). IR (ATR; ]/cm−1): 1569.82(m) and 1494.40(s), ]C�N

and ]N�N. UV-Vis (MeOH; λmax [nm]): 208, 246, 338 and 371.
Anal. Calc. for C32H16Cl2CuN8Na4O16S4·H2O·CH3OH: C,
33.78; H, 1.89; N, 9.56. Found: C: 33.76%, H: 2.42%, N: 9.58%.

2.4. Antimicrobial Assay. Compounds were tested against
Gram-positive Staphylococcus aureus ATCC® 25923 and
Gram-negative Escherichia coli ATCC® 25922 bacterial
species and a clinical isolate of Candida albicans as a fungal
species. Antimicrobial assay was performed by a standard
disk di�usion assay [40] where the inhibition zones were
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measured and expressed as a mean of three replicates.
Gentamycin and §ucanazole were used as positive controls,
and methanol was used as the negative control.

3. Results and Discussion

3.1. Synthesis. Copper chloride and the relevant ligands were
used in 1 :1 and 1 : 2 ratios to synthesize the desired metal
complexes (Figure 2). �in-layer chromatography (TLC)
was initially used to monitor the progress of reaction, and
visualization of spots was done using an iodine bath.

3.2. FTIR Analysis. FTIR data were recorded for dried
crystals of ligands and complexes (1)–(4), and literature
values were utilized where relevant [41]. �e stretching
frequency of the pyridine ring (]C�N) and stretching fre-
quency of the triazine ring (]N�N) are considered mostly,
because their values change upon formation of new bonds
serving as good indicators of complex formation.

Stretching frequencies of N�N and C�N in complexes (1)
and (2) have shifted to lower frequencies as expected, compared
to those values of the free ferrozine ligand, due to σ donation of
N lone pair which lowers strength of N�N and C�N bonds
(Table 1). Furthermore, a broad band around 3400–3300 cm−1
was observed due to OH groups from methanol or water.

Similarly, stretching frequencies of N�N and C�N in
complexes (3) and (4) were observed at lower frequencies in
comparison with those of the free ferrozine ligand (Table 1),
and a broad band was observed around 3400–3300 cm−1 due
to OH groups of solvent.

3.3. UV-Visible Spectroscopy. UV-Vis spectra of reactants
and complexes (1, 2, 3, and 4) were recorded in methanol at
room temperature (Figure 3, Table S1, Supplementary
Materials).�e absorption wavelengths of complexes (1)–(4)
have shifted towards longer wavelengths (bathochromic
shift) compared to the wavelengths of the reactants (copper,
ferrozine, and ferene). Both ferrozine and ferene have ar-
omatic ring systems, and π–π∗ transitions are thus possible
[42]. �ese results are in agreement with those previously
reported for zinc complexes of ferene and ferrozine [39]
where a bathochromic shift was observed for both mono and
bis complexes in comparison with that of the free ligand.

3.4. Elemental Analysis. Empirical formulas related to ex-
perimental values aided in obtaining the exact molecular
formulas of all four complexes (Table 2). It can be seen that
experimental values are within ±0.4% of expected values
indicating purity of the synthesized complexes.

3.5. Antimicrobial Activity. All four complexes and ligands
were studied in vitro for their antimicrobial activity against
Gram-positive Staphylococcus aureus ATCC® 25923 and
negative bacteria Escherichia coliATCC® 25922 as well as the
unicellular fungal species, Candida albicans. Inhibition
zones were obtained by adding a concentration of 1mg/disc,
and the diameters of the zones are given in Table 3 for
bacteria and Table 4 for fungi.

Table 1: FTIR data comparison chart of complexes (1)–(4) in
comparison with those of free ligands.

]C�N (cm−1) ]N�N (cm−1)
Ferrozine 1608 1503
Complex (1) 1596 1498
Complex (2) 1595 1498
Ferene 1589 1507
Complex (3) 1567 1499
Complex (4) 1570 1494
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Figure 3: UV-visible spectra recorded in methanol of ferrozine,
complexes (1) and (2) (a) and ferene, complexes (3) and (4) (b).

Table 2: Elemental analysis data of complexes.

Complex Value C (%) H (%) N (%)

(1) Calculated 32.12 3.98 7.14
Experimental 31.68 3.80 7.42

(2) Calculated 39.66 3.25 9.03
Experimental 39.29 3.76 9.23

(3) Calculated 32.16 2.54 8.82
Experimental 32.12 2.76 9.29

(4) Calculated 33.78 1.89 9.55
Experimental 33.76 2.42 9.58
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WTAnalysis of the inhibition zone diameter revealed that
only complex (1) and complex (2) show moderate anti-
bacterial activity when compared to the positive control. It is
interesting to see that ferrozine ligand demonstrates anti-
fungal activity.

Antimicrobial activity reported here is of moderate
value. Further studies are warranted to optimize this system
for greater activity.

4. Conclusions

We have described the synthesis of four novel water-soluble
copper complexes bearing sulfonated pyridyl triazine li-
gands. FTIR spectroscopic data have confirmed the existence
of Cu-N bonds in all four complexes because stretching
frequencies of N�N and C�N complexes have been shifted
towards lower frequencies in comparison with that of the
ligands. In UV-Vis spectra, a bathochromic shift has been
observed for complexes (1)–(4). Furthermore, elemental
analysis data have been useful to obtain empirical formulas
of these complexes and to establish the purity of each
complex.

Preliminary bioassays in antimicrobial activity showed
moderate antibacterial activity with complexes (1) and (2)
whereas ferrozine showed antifungal activity against Can-
dida albicans. To the best of our knowledge, we are the first
to report on the antifungal activity of ferrozine. �ese
findings provide a potential lead for antimicrobial drug
development.
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[31] M. M. Najafpour, M. Hołyńska, M. Amini, S. H. Kazemi,
T. Lis, and M. Bagherzadeh, “Two new silver(I) complexes
with 2,4,6-tris(2-pyridyl)-1,3,5-triazine (tptz): preparation,
characterization, crystal structure and alcohol oxidation ac-
tivity in the presence of oxone,” Polyhedron, vol. 29, no. 14,
pp. 2837–2843, 2010.

[32] F. Marandi, M. Jangholi, M. Hakimi, H. A. Rudbari, and
G. Bruno, “Synthesis and crystal structures of the first cad-
mium complexes of 3,5,6-tris(2-pyridyl)-1,2,4-triazine li-
gand,” Journal of Molecular Structure, vol. 1036, pp. 71–77,
2013.

[33] M. M. Mashaly, H. F. El-Shafiy, S. B. El-Maraghy, and
H. A. Habib, “Synthesis, properties and thermal studies of
oxorhenium(V) complexes with 3-hydrazino-5,6-diphenyl-
1,2,4-triazine, benzimidazolethione and 2-hydrazinobenzi-
midazole. Mixed ligand complexes, pyrolytical products and
biological activity,” Spectrochimica Acta Part A: Molecular
and Biomolecular Spectroscopy, vol. 61, no. 8, pp. 1853–1869,
2005.

[34] I. Łakomska, B. Golankiewicz, J. Wietrzyk et al., “Synthesis,
spectroscopical characterization and the biological activity in
vitro of new platinum(II) complexes with imidazo[1,5-a]-
1,3,5-triazine derivatives and dimethylsulfoxide,” Inorganica
Chimica Acta, vol. 358, no. 6, pp. 1911–1917, 2005.

[35] A. N. Vzorov, D. Bhattacharyya, L. G. Marzilli, and
R. W. Compans, “Prevention of HIV-1 infection by platinum
triazines,” Antiviral Research, vol. 65, no. 2, pp. 57–67, 2005.

[36] R.W. Sun, D. L.Ma, E. L.Wong, and C.M. Che, “Some uses of
transition metal complexes as anti-cancer and anti-HIV
agents,” Dalton Transactions, no. 43, pp. 4884–4892, 2007.

[37] C. J. Cramer and D. G. Truhlar, “Density functional theory for
transition metals and transition metal chemistry,” Physical
Chemistry Chemical Physics, vol. 11, no. 46, pp. 10757–10816,
2009.

30 Bioinorganic Chemistry

__________________________ WORLD TECHNOLOGIES __________________________



WT

[38] K. Ranasinghe, S. Handunnetti, I. C. Perera, and T. Perera,
“Synthesis and characterization of novel rhenium(I) com-
plexes towards potential biological imaging applications,”
Chemistry Central Journal, vol. 10, no. 1, p. 71, 2016.

[39] N. Abeydeera, I. C. Perera, and T. Perera, “Synthesis, char-
acterization, and BSA-binding studies of novel sulfonated
zinc-triazine complexes,” Bioinorganic Chemistry and Ap-
plications, vol. 2018, Article ID 7563820, 7 pages, 2018.

[40] Institute CaLS, “Methods for dilution antimicrobial suscep-
tibility tests for bacteria that grow aerobically; approved
standard—seventh edition,” in M7–A7, Clinical and Labo-
ratory Standards Institute, Wayne, PA, USA, 2006.
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.e advance of reliable and eco-friendly strategies for the development of nanoparticles is a fundamental key to the discipline of
nanotechnology. Nanoparticles have been continuously evaluated and have been used in many industrial applications for
a decade. In particular, the role of zinc oxide nanoparticles (ZnO NPs) has received a great interest because of various properties
such as UV filter properties and photochemical, antifungal, high catalyst, and antimicrobial activities. Because of the high rate of
poisonous chemicals and the extreme surroundings used within the chemical and physical methods, the green techniques have
been adopted using plants, fungi, bacteria, and algae for the synthesis of nanoparticles. .erefore, this paper considers various
green synthesis methods to provide the evidence of ZnO NP role to several applications, and in addition, biomedical applications
and toxic effect were reviewed..erefore, the paper used various secondary sources to collect the relevant review articles. From the
findings, the green route of synthesis is rather safe and eco-friendly when compared to physical and chemical means of synthesis.
On the other hand, its biomedical applications in this sector are increased day by day in various processes including bioimaging,
drug delivery, biosensors, and gene delivery. With respect to its toxicity properties, ZnO NPs can act as smart weapons against
multiple drug-resistant microorganisms and as a talented substitute for antibiotics.

1. Introduction

In science and technology, one among the rapidly developing
concepts in the latest years is nanotechnology, which has
brought tremendous development. .e nanomaterial which
comprises distinctive physicochemical properties has the
potential to develop new systems, structures, devices, and
nanoplatforms with impending bids in extensive variety of
disciplines [1, 2]. Nanomaterials are particles that are in
nanoscale size, and they are very small particles with im-
proved thermal conductivity, catalytic reactivity, nonlinear
optical performance, and chemical stability due to their large
surface area-to-volume ratio [3]. .is quality has attracted
many researchers to locate novel techniques for their syn-
thesis. .ough conventional techniques (physical and
chemical methods) use less time to synthesize bulk amount of
nanoparticles, they require toxic chemicals like protective
agents to maintain stability, which leads to toxicity in the

environment. Keeping this in mind, green technology by
using plants is rising as an eco-friendly, nontoxic, and safe
option, since plant extract-mediated biosynthesis of nano-
particles is economically advantageous and offers natural
capping agents in the form of proteins [4]. To regulate
chemical toxicity in the environment, biological synthesis of
various metal oxide and metal nanoparticles through plant
extraction is used, which is a marginal technique for regu-
lating chemical synthesis, and it permits a distinct shape and
size of nanoparticles with a meticulous synthesis [5].

For biomedical applications, improvement in bio-
degradable, functionalized, and biocompatible nano-
materials is being remained a tremendous vivacious area for
research. Until now, among numerous other biomedical
applications [6–9] well examined are paramagnetic nano-
particles [10, 11], quantum dots (QDs) [6, 12], nanoshells
[13], and carbon nanotubes (CNTs) [14, 15]. An extensive
variety of nanostructures could exhibit zinc oxide (ZnO),
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which has exclusive properties such as semiconducting,
piezoelectric, and optical [16, 17]. Hence, nanomaterials
based on ZnO are deliberated for extensive range of ap-
plications such as energy storage, nanosensors, cosmetic
products, nano-optical devices, nanoelectronic devices, and
so on [18–23]. Biodegradability and low toxicity are one
among the most significant characteristics of ZnO nano-
materials. For adults, an indispensable trace element is Zn2+
and it is being elaborated into numerous features of
metabolism. In acidic and strong basic conditions, ZnO NPs
could be dissolved slowly. Solubilized ZnO nanoparticles
have shown that the release of Zn2+ ions can exert stress on
cells and have adverse impacts on different organisms [24].
.e required properties of ZnO nanomaterials have attained
increased concern towards biomedical applications [25]..e
ZnO nanoparticle’s toxic effect is due to their solubility. In
the extracellular areas, ZnO nanoparticles are dissolved,
which sequentially raise the level of intracellular [Zn2+]. .e
dissolution of ZnO nanoparticles in the medium and the
mechanism of increased intracellular [Zn2+] level are still
speculative [26].

Holistically, this review will summarize the current
status of the use of ZnO nanomaterials for biomedical ap-
plications, their green synthesis nature, and its toxic effect.

Organic nanoparticles and inorganic nanoparticles are
the two categories of nanoparticles based on their compo-
nents. Organic nanoparticles include carbon nanoparticles
(fullerenes), whereas inorganic nanoparticles include mag-
netic nanoparticles, noble metal nanoparticles (gold and
silver), and semiconductor nanoparticles (such as zinc oxide
and titanium dioxide) [27]. Nanoparticles can also be cat-
egorized based on their origin, dimensions, and structural
content.

Based on the origin of nanomaterial, it is categorized
into natural nanomaterial and artificial nanomaterial [28].
On considering the dimensions of nanomaterial, it is
categorized as zero-dimensional (0D), one-dimensional
(1D), two-dimensional (2D), and three-dimensional (3-D)
nanomaterials. .e zero-dimensional nanomaterials have
nanodimensions at all three directions; one-dimensional
nanomaterials have only one nanodimension which is exte-
rior to the nanometer range; and two-dimensional nano-
materials have two nanodimensions exterior to the nanometer
range, whereas three-dimensional nanomaterials have all the
nanodimensions exterior to the nanometer range. .ese
comprise bulkmaterials developed with individual blocks that
are in the nanometer scale (1–100nm) [29].

According to the structural configuration andmorphology,
nanomaterials have been divided into amalgamated materials
and nanodispersions. Extremely branched macromolecules are
dendrimers with the dimensions in the nanometer scale. In the
metal-based materials, the chief component for these particles
is metal, where the nanomaterials comprised nanosilver,
nanogold, metal oxides like titanium dioxide, and finally
closely packed semiconductors such as quantum dots. .e
morphology of carbon-based nanomaterials is tubes, hollow
spheres, or ellipsoids. .e carbon nanomaterials that are
spherical and ellipsoidal are referred as fullerenes and cylin-
drical ones are called as nanotubes [28].

2. Nanoparticle Synthesis Methods

Bottom-up and top-down are the two approaches recom-
mended for the biosynthesis of nanoparticles [30]. In case of
a bottom-up approach, the most important reaction oc-
curred is oxidation/reduction..e synthesis of nanoparticles
is currently an important area of research, which seeks an
eco-friendly approach and green materials for current
scenario [31]. .e major steps involved in the preparation of
nanoparticles that have to be evaluated from the point of
green chemistry are (i) the solvent medium used for the
synthesis, (ii) environmentally benign reducing agent, and
(iii) the nontoxic material for the stabilization of the
nanoparticles. .e majority of the chemical and physical
methods mentioned so far largely depend on organic sol-
vents. .is is principally due to the hydrophobicity of the
capping agents used [32]. Synthesis with bio-organisms is
compatible with the principles of green chemistry: (i) eco-
friendly approach, (ii) the reducing agent used, and (iii) the
capping agent in the reaction. .e synthesis of inorganic
metal oxide nanoparticles using biological elements has
received immense attention due to their unusual properties
(optical, electronic, chemical, etc.) [33].

3. Zinc Oxide Nanoparticles

Metal oxides play a very significant role in the science of
materials, such as the production of microelectronic circuits,
sensors, piezoelectric devices, fuel cells, surface passivation
coatings, and corrosion catalysts. Metal oxides have also
been used as absorbers of the environmental pollutant. In
nanotechnology, oxide nanoparticles can show signs of
unique chemical properties due to their limited size and high
density of edges. An n-type semiconducting metal oxide is
ZnO. Over the past few years, more interest is drawn to-
wards zinc oxide NP since it has wider varieties of appli-
cations particularly in the fields of biomedical systems,
optics, and electronics [34–40]. Among all these types of
metal oxides, ZnO NPs attract much attention because of
their stimulating properties [41] (such as the high direct
bandwidth of 3.3 eV at room temperature and high exci-
tation energies of 60meV) [42], optical property, high
catalytic activity, anti-inflammatory, wound healing, and
UV filtering properties [1, 43–48]. Several authors have
reported ZnO biosensors for cholesterol, enzyme bio-
chemistry, and other biosensing applications [49, 50].

Zinc oxide as a nonhygroscopic and nontoxic, inorganic,
polar, crystalline material is a very cheap, safe, and readily
available, which has aroused great interest in various organic
transformations, sensors, transparent conductors, and sur-
face acoustic wave devices [51–53]. .e ZnO NP is an ex-
clusive material that has semiconducting, piezoelectric, and
pyroelectric properties and has versatile applications in
transparent electronics, UV light emitters, chemical sensors,
spin electronics, personal care products, catalyst, coating,
and paints [54, 55]. Due to these unique properties, ZnO
NPs find applications in antireflection coatings, transparent
electrodes in solar cells, UV light emitters, diode lasers,
varistors, piezoelectric devices, spin electronics, surface
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acoustic wave propagators [52], as an antibacterial agent
[56], as photonic material [57], and for gas sensing [58]. .e
biomolecules in the plant extract act as efficient capping
agents, thus playing a major role in the NP synthesis. .e
capping agents seem to stabilize NPs through different
mechanisms that include electrostatic stabilization, steric
stabilization, stabilization by hydration forces, and stabili-
zation using van derWaals forces..e stabilization of NPs is
significant for its functions and its applications [59]. .e
utility of ZnO NPs in the field of food preservation and
packaging industry when applied to biodegradable poly-
meric metrics and ZnO NPs has improved the quality of
food and packaging mainly through three mechanisms,
namely, the release of antimicrobial ions, destructing the
integrity of the cells of bacteria, and formation of ROS due to
light radiation [60]. Elmer andWhite reported the pesticidal
properties of the ZnO by spraying synthesized ZnO on
tomato and eggplant and it was noted that ZnO reduced
disease estimate of 28% when compared to the control [61].
In vitro approaches use plant extracts to reduce zinc salt
(zinc nitrate, sulfate, chloride, and many others) and endow
with control over the size and shape of the nanoparticles.
Fundamentally, the primary and secondary metabolites are
present in plants, for example, saponins, tannins, starches,
polypeptides, terpenoids, flavonoids, and phenolics, which
act as reducing and capping agents. Mild solvents such as
water, ethanol, and methanol are used for the extraction of
the plant metabolites, which are allowed to react with the
zinc salt solution in different conditions to achieve greatest
yield [62–65].

4. Green Synthesis of ZnO NPs

Owing to the growing popularity of green methods, several
methods have been implemented to produce ZnONPs using
different sources such as bacteria, fungus, algae, plants, and
others. A list of tables was prepared to summarize the re-
search carried out in this field (Table 1).

4.1. Plant-Mediated Biosynthesis of ZnO NPs. .e synthesis
of biological nanoparticles represents an alternative for the
physical and chemical methods of nanoparticle formation.
.emajority of researchers focused on the green synthesis of
nanoparticles for the formation of metal and oxide nano-
particles (Figure 1). .e use of plants for the synthesis of
nanoparticles is a rapid, low-cost, eco-friendly option and is
safe for human use [31].

Vitex negundo plant extract was used to produce ZnO
NPs with zinc nitrate hexahydrate as a precursor. .e
biosynthesized ZnO NPs showed antimicrobial activities
against E. coli and S. aureus bacteria [77]. Dobrucka and
Dugaszewska [78] used Trifolium pratense to synthesize ZnO
NPs. .e synthesized ZnO NPs were found to be of hex-
agonal shape and the sizes were found to be of 60–70 nm.
Kalpana et al. [79] synthesized ZnO NPs using Lagenaria
siceraria pulp extract. In addition, the author evaluated the
biosynthesized ZnO nanoparticles for antidandruff, anti-
microbial, and antiarthritic efficacy.

Dhanemozhi et al. [80] successfully synthesized the ZnO
NPs from green tea leaf extract to evaluate their capacitance
behavior for supercapacitor applications. ZnO NPs are
known to be multifunctional inorganic nanoparticles with
their major application in the treatment of urinary tract
infection. Santhoshkumar et al. [81] synthesized the ZnO
NPs using Passiflora caerulea leaf extract and tested against
the pathogenic culture isolated from the urine of the patient
suffering from urinary tract infection. .e results showed
that the synthesized ZnO NPs act as an antibacterial agent
against urinary tract infection. Nava et al. [82] dealt with
low-cost, nontoxic green synthesis of ZnO NPs prepared
using Camellia sinensis extract. .e efficiency of ZnO NPs as
a photocatalyst for the degradation of various organic dyes
such as methylene blue and methyl orange and their anti-
oxidant activity by the DPPH assay has been studied by
Siripireddy and Mandal [83] using Eucalyptus globulus. .e
synthesis of monophase crystalline ZnO nanoparticles with
a size range of about 15.8 nm by the green novel and en-
vironmentally friendly pathway using the extract of A.
betulina as an effective oxidizing/reducing agent has been
demonstrated for the first time by .ema et al. [84]. Stable
and spherical ZnO NPs were produced by using zinc nitrate
and Aloe vera leaf extract. .e various properties of ZnO
NPs were characterized by the use of the UV-Vis spectro-
photometer, FTIR, photoluminescence, XRD, SEM, and
TEM analysis [43].

4.2. Microbe-Mediated Biosynthesis of ZnO NPs. Synthetic
pathways of nanoparticles by microbes may involve
combinations of basic cell biochemistry, the transport of
ionic metals both in and out of cells, mechanism of re-
sistance of microbes to toxic metals and activated metal-
binding sites, ion accumulation metallic intracellular,
and nucleation of metal oxides [85]. ZnO NPs were
rapidly synthesized from a Rhodococcus pyridinivorans
NT2 which were found to be moderately stable and
roughly spherical with an average diameter of the particle
of 100–120 nm [86]. Serratia ureilytica (HM475278)-
mediated ZnO NPs have been reported by Dhandapani
et al. [87]. ZnO NPs have aroused interest because of their
many applications in the food industry. Selvarajan and
Mohanasrinivasan [88] described an innovative method
for the biosynthesis of ZnO NPs using a probiotic bac-
terium Lactobacillus plantarum VITES07. Kundu et al.
[86] synthesized ZnO NPs from the zinc sulfate solution
using an actinobacteria Rhodococcus pyridinivorans NT2.
.e synthesized ZnO NPs were explored for multifunc-
tional textile finishing and for in vitro anticancer drug
delivery in HT-29 colon carcinoma cell line. .e studies
of Shamsuzzaman et al. [89] have described the simple
and green route for the biosynthesis of ZnO nanoparticles
using Candida albicans as a capping and reducing agent.
.e author also used the synthesized ZnO NPs as a cat-
alyst for the rapid and efficient synthesis of steroidal
pyrazoline. Hussein et al. [85] reported Bacillus cereus as
a biotemplate agent for the formation of ZnO NPs with
raspberry and plate-like structures through a simple
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thermal decomposition of zinc acetate maintaining the
original pH of the reaction mixtures. Baskar et al. [90]
produced ZnO NPs using Aspergillus terreus filtrate
synthesized extracellularly which were spherical with
a range of 54.8 to 82.6 nm.

.e nanoparticle’s extracellular synthesis from the
fungus is extremely beneficial due to economic viability,
convenient downstream processing, and large-scale pro-
duction [91]. Fungal strains are preferred over bacterial
due to their enhanced metal bioaccumulation property
and tolerance property [92]. From mycelia of Aspergillus
fumigatus, the ZnO nanoparticles are synthesized [93].
By utilizing Candida albicans, the nanoparticles were syn-
thesized with similar size ranging from 15 to 25 nm
established through XRD, TEM, and SEM analysis [89].

5. Characterization of ZnO NPs

.e synthesized nanoparticles are characterized by utilizing
numerous techniques: FTIR (Fourier transform infrared
spectroscopy), EDAX (energy dispersion analysis of X-ray),
AFM (atomic force microscopy), XPS (X-ray photoelectron
microscopy), ATR (attenuated total reflection), UV-DRS
(UV-visible diffuse reflectance spectroscopy), XRD (X-ray
diffractometer), TEM (transmission electron microscopy),
TG-DTA (thermogravimetric-differential thermal analysis),
DLS (dynamic light scattering), FE-SEM (field emission
scanning electron microscopy), PL (photoluminescence
analysis), Raman spectroscopy, and SEM (scanning electron
microscopy) [94–96]. Plants are being examined extensively
particularly that belong to Lamiaceae family such as Vitex

Table 1: Green synthesis of ZnO NPs using various sources.

Type of green
method Applied material/organism Particle

size (nm) Morphology of NPs Activity carried out References

Plant-mediated
synthesis

Limonia acidissima (leaf ) 12–53 Spherical Antibacterial activity against
Mycobacterium tuberculosis [39]

Euphorbia Jatropha (stem) 15 Hexagonal Used as semiconductors [66]

Ceropegia candelabrum (leaf ) 12–35 Hexagonal

Antibacterial potential against
Staphylococcus aureus, Bacillus

subtilis, Escherichia coli,
Salmonella typhi

[67]

Celosia argentea (leaves) 25 Spherical
Antibacterial potential against
Escherichia coli, Salmonella,
Acetobacter; drug delivery

[68]

Couroupita guianensis (leaves) 57 Hexagonal unit cell

Bacillus cereus, Klebsiella
pneumonia, Escherichia coli,

Mycobacterium luteus,
V. cholerae

[69]

Allium cepa (bulb), Allium
sativum (bulb), Petroselinum

crispum (leaves)
70 Hexagonal wurtzite Photodegradation of methylene

blue [48]

Phyllanthus niruri (leaves) 25.61 Quasispherical Catalytic activity [70]

Parthenium hysterophorus
(leaves) 27–84 Spherical and hexagonal

Aspergillus flavus, Aspergillus
niger, Aspergillus fumigatus,

Fusarium culmorum, Fusarium
oxysporum

[71]

Solanum nigrum (leaves) 29 Quasispherical
Staphylococcus aureus

Salmonella paratyphi, Vibrio
cholerae

[72]

Anisochilus carnosus (leaves) 20–40 Hexagonal wurtzite S. paratyphi, V. cholerae,
S. aureus, and E. coli [37]

Jacaranda mimosifolia (flower) 2–4 Hexagonal wurtzite Escherichia coli, Enterococcus
faecium [73]

Seaweed-
mediated
synthesis

Caulerpa peltata, Hypnea
valencia, Sargassum

myriocystum
36 Rectangle, triangle,

radial, and spherical

Antibacterial activity against
Staphylococcus aureus,

Streptococcus mutans, Vibrio
cholerae, Neisseria gonorrhoeae,

Klebsiella pneumonia, and
antifungal activity against

Aspergillus niger and Candia sp.

[74]

Ulva lactuca 10–50 Hexagonal, rods, and
rectangles

Photocatalytic, antibacterial,
antibiofilm, and larvicidal

activity
[75]

Microbe-
mediated
synthesis

Aspergillus fumigatus 60–80 Spherical Antibacterial activity [76]

Aeromonas hydrophila 57 Spherical and oval Antimicrobial activity [41]
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negundo [97], Plectranthus amboinicus [98], and Anisochilus
carnosus [37] which had the formation of NP with different
shapes such as hexagonal, rod-shaped with agglomerates,
quasispherical, and spherical, and further various sizes are
also seen. From the outcome, it is clearly identified that the
size of synthesized NPs is decreased on increasing the
concentration of a plant extract [70, 77]. From the results,
the size range is being observed and compared using various
techniques such as TEM, XRD, and FE-SEM which had
a closer range of values [77, 98], whereas SEM and EDAX
had a similar result diverse from XRD results. .rough
Debye–Scherrer equation, synthesis of NPs from both Vitex
negundo flower and leaf had a similar size of 38.17 nm, which
was confirmed through XRD analysis [77]. For the syn-
thesizing ZnO NPs, leaves of Azadirachta indica from
Meliaceae family are generally being used [99, 100]. A
similar size range of NPs was identified in every experiment,
which was confirmed through the analysis of TEM and XRD
with nanobuds, hexagonal disc shape, and spherical shape.
From the studies, it is revealed that the formation of NPs is
through the involvement of amine, carboxylic acid, car-
bonate moieties, alcohol, alkane, and amide, which was
further confirmed by FTIR studies. Aloe vera’s leaf peel and
fresh leaf extract belong to Liliaceae family [101, 102].
Agglomerate formation was seen in the NP synthesis, which
was extracted from Moringa oleifera, Calotropis gigantea,
Plectranthus amboinicus, Agathosma betulina, Nephelium
lappaceum, and Pongamia pinnata. To affirm the synthesis of
NPs, UV-Vis spectrophotometry is employed, and the
crystal NPs are obtained through centrifugation of mixture
and drying the pellet in a hot air oven [95].

6. Biomedical Applications of ZnO NPs

6.1. Drug Delivery. .e benefits of using ZnO NPs for the
drug delivery were derived from their two main basic
properties. First of all, due to their smaller size, nanoparticles
can penetrate through smaller capillaries and are absorbed
by the cells, allowing an efficient accumulation of drugs at

the target sites. Second, the use of biodegradable materials
for the preparation of nanoparticles allows the prolonged
discharge of drugs within the site targeted over a period of
days or even weeks [103]. .e role of synthesized ZnO NPs
in drug release by using the drug metronidazole benzoate
was studied [68] by observing its diffusion through egg
membrane. Results revealed that the presence of ZnO NPs
with the drug has much effect on the biological membrane.

6.2. Bioimaging of ZnO Particles. In preclinical research,
fluorescence imaging is extensively utilized as it is convenient
and inexpensive [104–107]. As ZnO nanomaterials have es-
sential excitonic blue and near-UV emission, which has green
luminescence associated with O2 vacancies [108, 109], and for
cellular imaging, there are numerous reports existing in
previous studies on the utilization of ZnO nanomaterials. For
cancer cell imaging, transferrin-conjugated green fluorescent
ZnO NPs were utilized with least cytotoxicity [110]. ZnO
nanomaterial’s optical properties could be altered by adul-
terating with suitable elements [111]. According to a research,
ZnO NPs were adulterated with various cations such as Co,
Cu, or Ni, and in aqueous colloidal solutions, it was stabilized,
which was employed in different cells for cellular imaging
studies [112]. .ese tiny ZnO nanoparticles have a capability
to penetrate it into the cell nucleus.

For biocompatibility and optical properties, hetero-
structural ZnO/Au nanocomposites, where Au NCs develop
either along the nanorod surfaces or at the tip of ZnO
nanorods, are synthesized and investigated [113]. For im-
aging of cancer cells in vitro, antiepidermal growth factor
receptor antibody-conjugated ZnO nanorods were utilized
in the latest research [114]. For optical imaging, QDs are
extensively deliberated nanoparticles because of their nu-
merous appealing optical properties [115–117]. It was
identified that ZnO QDs are placed in the cytoplasm while
applying for in vitro cell imaging, exhibiting stable lumi-
nescence under UV light in the absence of essential cyto-
toxicity. Same QDs were analyzed in a previous research
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Various biomedical
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cancer therapy, etc)
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Characterization of
nanoparticles
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Figure 1: Plant-mediated biosynthesis of ZnO NPs.
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which was trialed through mice after injecting intravenous
and intradermal injections [118].

Every imaging technique has their own benefits and
drawbacks [119]. .rough multiple imaging modalities,
nanomaterials could be functionalized to be detectable,
which produce synergistic advantages. Nanomaterials are
more appropriate for multimodality imaging while associ-
ated with small molecules since larger surface area provides
higher sites for functionalization and also helps to engineer
them for multimodal detection. In one particular research,
Gd-doped ZnO QDs (with sizes of less than 6 nm) were
emerged for both magnetic resonance imaging (MRI) and
optical imaging [120]. Another study by Singh reported
Fe3O4-ZnO core-shell magnetic QDs for potential cancer
imaging and therapy.

.ere are better clinical relevance for single-photon
emission computed tomography (SPECT) [122–126] and
radionuclide-based imaging techniques, that is, PET [127–
132], which are extensively utilized in the clinic than in
optical imaging. PET and SPECT techniques are not only
highly sensitive and quantitative but also have no tissue
penetration limitation [133–136].

6.3. Drug Delivery with ZnO Nanomaterials. ZnO nano-
materials are versatile nanoplatforms not only in bioimaging
but also in a drug delivery application because of their
versatile surface chemistry, large surface area, and photo-
toxic effect, along with others. Researches in vitro have
identified that ZnO nanoparticles could be highly toxic
either for cancer cells [126] or for bacteria and leukemic
T cells [137].

Intrinsic blue fluorescence of ZnO QDs was smeared
with folate-conjugated chitosan through electrostatic in-
teraction, and by doxorubicin, it can be loaded at ∼75%
efficiency (extensively utilized chemotherapy drug is DOX)
[138]. It was recommended that through hydrogen bonding
and/or through collaborations with the ZnO QD surface,
DOX was entrapped. But the aqueous stability of the ZnO
QDs enriched the exterior chitosan layer because of the
hydrophilicity and the charges. Conversely, at the normal
physiological pH value of 7.4, DOX was released rapidly
which requires to be improved for investigations in in vivo
or in vitro researches.

In dendritic cell- (DC-) established cancer immuno-
therapy, one of the main complications is the improvement
of delivery system which could provide the targeted antigens
into DCs efficiently [139]. Due to extensive surface area,
nanomaterials are challenging aspects for this application.

To deliver carcinoembryonic antigen into DCs, Fe3O4-
ZnO core-shell nanoparticles were produced with an average
diameter of 16 nm which have the capability to help as
imaging contrast agents [140].

6.4. Gene Delivery with ZnO Nanomaterials. Over the last
few years, gene therapy has involved substantial attention
over cancer treatment [141]. Developing a safe gene vectors
which could safeguard DNA from degradation as well as
through high efficiency enabling cellular uptake of DNA is

one of the foremost challenging aspects. For examining gene
therapy application and gene delivery, extensive varieties of
nanomaterials are utilized, which even comprise ZnO
nanomaterial that had a positive outcome in numerous
studies.

By a sequence of investigations, ZnO nanostructures,
which are also like a three-dimensional tetrapod, were ex-
amined as gene vectors for delivering pEGFPN1 DNA
(comprising the gene for green fluorescent protein) to A375
human melanoma cells [142, 143]. .rough electrostatic
interactions, the pDNA (plasmid DNA) was attached to ZnO
nanostructures, and for gene delivery within the cells, the
three needle-shaped legs preferred the internalization of the
tips. It was observed that there was an absence for significant
cytotoxicity which was reportedly attributed for the three-
dimensional geometry.

For an efficient gene delivery, surface coating of nano-
material acts as a significant role. According to an in-
vestigation, ZnO QDs were layered using positively charged
poly(2-(dimethylamino)ethyl methacrylate) (PDMAEMA)
polymers which are utilized for condensing pDNA for gene
delivery [144]. .e polymer-coated ZnO QDs presented
fluorescence emission at 570 nmwith a considerable amount
of less than 20% which is capable of condensing large pDNA
just like luciferase reporter gene. It was stated that COS-7
cells can be transfected proficiently with pDNA transmitting
ZnO QDs with lower cytotoxicity. .e ZnO QDs had
a significantly decreased cytotoxicity in association with the
application of PDMAEMA as the gene vector. .e decrease
in cytotoxicity was due to the existence of negatively charged
polymethacrylate in the QDs which stabilized the positive
charges.

6.5. Biosensors based on ZnO Nanomaterials. Biosensors are
extensively utilized in food industry, environmental moni-
toring, and healthcare and in chemical or biological analysis.
Examples for biosensors are electrochemical, photometric,
piezoelectric, and calorimetric among others when catego-
rized based on the detection principles [145].

Nanomaterials, either as uncombined or as combination
with biologically active substances, are attaining ever-
increasing awareness because of their capability to deliver
a suitable platform for developing high-performance bio-
sensors, which is due to their distinctive features [23]. For
instance, the higher surface area of nanomaterials could be
utilized for immobilizing numerous biomolecules such as
antibodies, enzymes, and other proteins. Moreover, they
could be permitted for a direct electron transfer among the
electrodes and the active sites of the biomolecules.

ZnO nanomaterials also provide numerous desirable
traits apart from semiconducting properties such as bio-
sensing, strong adsorption capability, high isoelectric point,
and high catalytic efficiency (IEP; ∼9.5) which are appro-
priate for adsorption of certain proteins such as antibodies
and enzymes with less IEPs by electrostatic interaction [146].
Moreover, the favorable conditions of nanomaterials to be
used in biosensors are lower toxicity, higher electron transfer
capability, higher surface area, and better biocompatibility
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or stability [147]. .e most widely stated ZnO-based bio-
sensors are recognized for numerous small-molecule ana-
lytes such as cholesterol, phenol, urea, glucose, H2O2, and
many more other things. Additionally, there are numerous
biosensors for sensing other molecules and certain physical
or chemical properties like pH [148, 149].

7. Toxicity Studies of ZnO NPs

Due to the increasing use of nanoparticles and their release
in the environment, it is necessary to determine the toxicity
of nanoparticles. Vicario-Pares et al. [150] conducted
a toxicity study of three metal oxide nanoparticles, namely,
CuO NPs (copper oxide nanoparticles), ZnO NPs, and TiO2
NPs against zebra fish embryo. ZnO NPs were found to be
less toxic than the ionic form of zinc, which exerts the
highest toxicity. Studies of Zhu et al. [151] showed that ZnO
NP toxicity is dose dependent. Similarly, Jeyabharathi et al.
[152] evaluated the toxicity study of green synthesized ZnO
NPs towards zebra fish embryos. .e author synthesized
ZnO NPs from Amaranthus caudatus leaf extract. Further,
ZnONPs were found to exhibit a higher antibacterial activity
against Staphylococcus epidermidis and Enterobacter aero-
genes. Results of the toxicity study show that ZnO NPs at
a concentration of 10mg/ml did not show any significant
effect on survival andmalformation in the zebra fish embryo.
In a 90-day toxicity study, 100 nm ZnO NPs with different
surface charges (negatively charged, ZnOAE100 [−] and
positively charged ZnOAE100 [+]) were administered to
Sprague Dawley rats to determine the toxic level and to
identify target organs. Significant toxic effects were observed
in both sexes at a concentration greater than 125mg/kg.
Also, there was an absence of adverse effect level at a con-
centration of about 31.25mg/kg for both sexes [153].

8. Conclusions

Overall, from the study reviews, it is considered that green
ZnO NP synthesis is much safer and environmentally
friendly than the physical and chemical methods. ZnO NPs
are one of the most important and versatile materials, due to
their diverse properties, functionalities, various benefits, and
applications to humans..e green sources act as a stabilizing
and reducing agent for the synthesis of nanoparticles of
controlled size and shape. Holistically, the ZnO NP appli-
cation to crops increases the growth and yield in agriculture.
As demand for food is increasing day by day, the yield of
a staple crop is low. .us, it is necessary to commercialize
metal oxide nanoparticles for sustainable agriculture. On the
other hand, its biomedical applications in this sector are
increased day by day in various processes including bio-
imaging, drug delivery, biosensors, and gene delivery. With
respect to its toxicity properties, ZnO NPs can act as smart
weapons against multiple drug-resistant microorganisms
and as a talented substitute for antibiotics. It is anticipated
that this review could further streamline the research on
innovative methodological and clinical correlations in this
area. In the meantime, solutions to health problems will be

suggested by referring to this complex through scientific and
research reports.
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We present the synthesis and cytotoxic potencies of new Pt(IV) complexes with bexarotene, an anticancer drug that induces cell
differentiation and apoptosis via selective activation of retinoid X receptors. In these complexes bexarotene is positioned as an axial
ligand. The complex of one bexarotene ligand attached to Pt(IV) oxaliplatin moiety was potent whereas its counterpart carrying
two bexarotene ligands was inactive.

1. Introduction

The discovery of anticancer properties of platinum based
complexes became a significant breakthrough in cancer
treatment [1]. Currently cisplatin, carboplatin, and oxaliplatin
remain major drugs for the first line treatment (alone and
in combination) for a variety of malignancies including
head and neck, testicular, breast, and ovarian tumors [2–
5]. However, despite the success of platinum containing
drugs, the intrinsic or acquired resistance, general toxicity,
and other severe side effects are clinically unfavorable [4–
6]. To overcome these problems novel strategies for the
search of active antitumor compounds are being developed.
Octahedral Pt(IV) complexes are of interest because of their
kinetic inertness, low general toxicity, and possibility for
oral administration [7, 8]. Satraplatin was the first Pt(IV)
compound to enter phase III clinical trials as an oral drug
for treatment of hormone-refractory prostate cancer. Unfor-
tunately, this compound showed no convincing benefit for

overall patient survival and was not approved by the FDA.
Still, clinical trials of satraplatin in combinationwith different
organic drugs continued [9, 10].

Combinations of two drugs in one molecule are exten-
sively used in modern drug discovery and allow for control
of activity, selectivity, and pharmacokinetics. The synthetic
advantage of Pt(IV) complexes is the suitability for chemical
modifications of axial positions which makes introduction
of new active compounds relatively easy. Based on the
proposed mechanism of action for Pt(IV) complexes, that
is, activation by reduction, the release of the axial ligands
can be useful for drug targeting and delivery to cancer
cells [11]. This approach yielded a variety of promising
complexes containing axial ligands such as folic acid [12],
estradiol [13], short peptides [14], inhibitors of glutathione-
S-transferase [15], pyruvate dehydrogenase kinase [16–18],
histone deacetylase [19–21], cyclooxygenase [22–24], mito-
chondria associated hexokinase [25], or p53 activators
[26].
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Retinoids are biologically active analogs of vitamin A,
which play an essential role in cell proliferation, differ-
entiation, and apoptosis. Bexarotene, a selective agonist
of retinoid X receptors, is used to treat cutaneous T-cell
lymphoma by inducing cell differentiation and apoptosis and
inhibiting metastasis [27–29]. Recently we have shown that
introduction of bexarotene into Ru(II)-arene compounds
resulted in highly cytotoxic agents [30]. Here, we report
the synthesis, chemical characterization, and antiproliferative
activity of Pt(IV) complexes with covalently attached axial
ligand bexarotene.

2. Experimental Section

2.1. Materials. (OC-6-33)-(trans-1R,2R-Diaminocyclohex-
ane)dihydroxido(oxalato)platinum(IV) [31], (OC-6-44)-acet-
ato(trans-1R,2R-diaminocyclohexane)hydroxido(oxalato)
platinum(IV) [32], and bexarotene [33] were synthesized in
the Laboratory of Bioorganometallic Chemistry, Moscow
State University. Oxalyl chloride was purchased from Fluka,
St. Louis, USA.

2.2. Physical Measurements. NMR spectra were recorded on
a Bruker FT-NMR Avance III 500MHz instrument at 500.32
(1H), 125.81 (13C), 50.70 (15N), and 107.57 (195Pt) MHz. 2D
NMR measurements were carried out using standard pulse
programs. Chemical shifts were referenced relative to the
solvent signal for 1H and 13C spectra. For 15N and 195Pt
spectra, the external standards NH

4
Cl and K

2
[PtCl
4
] were

used. ESI mass spectra were recorded on a LC/MSn ion trap
mass spectrometer amaZon SL (Bruker, Bremen, Germany)
with MeOH as a solvent. Elemental analysis was performed
at Moscow State University with MicroCube Elementar ana-
lyzer.

2.3. Cell Lines and Culture Conditions. The MCF7, MCF7D
(gift of N. I. Moiseeva), HaCat, A549, and SW480 cell
lines were cultured in Dulbecco modified Eagle’s medium
(DMEM; PanEco, Russia) with 10% fetal bovine serum
(HyClone, USA) and antibiotics (PanEco, Russia) in 5%
CO
2
, 37∘C. The compounds were predissolved at 20mM in

dimethyl sulfoxide (DMSO) and added to the cell culture at
the required concentration with maximum DMSO content
of 0.5 v/v%. Cells in 96-well plates (7 × 103 cells/well)
were treated with various concentrations of 3, 4, cis-
platin, or bexarotene at 37∘C for 72 h. Cell viability was
determined using the MTT assay as follows: cells were
incubated at 37∘C for 4 h with 20𝜇l of 5mg/ml solution
of 3-(4,5-dimethylthiazol-2-yl)-2,5 diphenyltetrazolium bro-
mide (Sigma-Aldrich, St. Louis, USA). The supernatant
was discarded and formazan was dissolved in 150 𝜇l of
DMSO. The optical density of the solution was measured
at 550 nm on a multiwell plate reader (Multiskan FC,
Thermo Fisher Scientific, USA).The percentage of viable (i.e.,
MTT converting) cells was calculated from the absorbance
of untreated cells (100%). Each experiment was repeated
three times, and each concentration was tested in three
replicates.

O

O

O

Pt

N O

N
O

O

O

O

1 2
3 4

5

23
22

6

7

8 9
10

12
13

11
14

15
18

1619
21

20

2526
27

28
29 30

31

24

32

17

H2

H2

Scheme 1

2.4. Synthesis

2.4.1. (OC-6-33)-(trans-1R,2R-Diaminocyclohexane)-bis(4-(1-
(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydro-2-naphthyl)vinyl)
benzoato)oxalatoplatinum(IV) 3. In Scheme 1, oxalyl chlo-
ride (2.56mL, 30.0mmol) followed by one-two drops of
DMF was added to a stirred suspension of 4-(1-(3,5,5,8,8-
pentamethyl-5,6,7,8-tetrahydro-2-naphthyl)vinyl)benzoic ac-
id (413mg, 1.19mmol) in CH

2
Cl
2
(60mL). The reaction

mixture was refluxed for 1 h until a clear solution was
formed and then solvent and unreacted oxalyl chloride were
removed under reduced pressure to yield the acid chloride
as a pale yellow solid that was used without purification. A
solution of 4-(1-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydro-
2-naphthyl)vinyl)benzoyl chloride in acetone (40mL) was
added to a stirred suspension of (OC-6-33)-(trans-1R,2R-
diaminocyclohexane)dihydroxido(oxalato)platinum(IV)
(100mg, 0.23mmol) and pyridine (193𝜇l, 2.4mmol) in
acetone (30mL). The reaction mixture was stirred at room
temperature for 12 h and concentrated to ∼3mL and the
white precipitate formed was filtered off and washed with
diethyl ether (2 × 5mL). The compound was purified
by column chromatography on Silicagel with acetone as
eluent. The solvent was removed under reduced pressure;
the compound was washed with diethyl ether (2 × 5mL)
and dried. Yield: 135mg (53%), m.p. 213-214∘C (decomp.).
C
56
H
68
N
2
O
8
Pt (1091.46): calcd. C 61.58, H 6.28, N 2.56;

found C 61.25, H 5.89, N 2.42. 1XNMR ([d6]-DMSO) 𝛿: 8.51
(d, 2X, 𝐽 = 6.2Hz, NH

2
), 8.23 (t, 2X, 𝐽 = 9.1Hz, NH

2
), 7.84

(d, 4X, 𝐽 = 8.5Hz, H3, H24), 7.30 (d, 4X, 𝐽 = 8.5Hz, H4,
H23), 7.15 (s, 2X, H20), 7.08 (s, 2X, H9), 5.90 (s, 2X, H7),
5.25 (s, 2X, H7), 2.82–2.74 (m, 2X, H25, H30), 2.17 (d, 2X,
𝐽 = 10.7Hz, H26, H29), 1.89 (s, 6X, H22), 1.66 (s, 8X, H14,
H15), 1.58–1.48 (m, 4X, H26, H27, H28, H29), 1.27 (s, 12X,
H17, H18), 1.25–1.18 (m, 14X, H12, H13, H27, H28) ppm. 13C
NMR ([d6]-DMSO) 𝛿: 172.8 (C1), 164.5 (C31, C32), 148.8
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(C6), 144.2 (C19), 144.2 (C5), 142.3 (C10), 138.4 (C8), 132.5
(C21), 132.1 (C2), 130.2 (C3, C24), 128.3 (C20), 127.8 (C9),
126.4 (C4, C23), 117.4 (C7), 61.6 (C25, C30), 35.1 (C14/15), 35.1
(C14/15), 34.1 (C11/16), 34.0 (C11/16), 32.1 (C12, C13/C17, C18),
32.1 (C12, C13/C17, C18), 31.2 (C26, C29), 24.0 (C27, C28),
20.0 (C22) ppm. 15N NMR ([d6]-DMSO) 𝛿: −3.9 (NH

2
)

ppm. 195Pt NMR ([d6]-DMSO) 𝛿: 3228 ppm. ESI-MS: m/z =
1115 [M+Na+]+.

2.4.2. (OC-6-44)-acetato(trans-1R,2R-Diamineocyclohexane)-
4-(1-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydro-2-naphthyl)
vinyl)benzoato)oxalatoplatinum(IV) 4. In Scheme 2, oxalyl
chloride (1.32mL, 15.4mmol) and a catalytic amount of DMF
were added to a suspension of 4-(1-(3,5,5,8,8-pentameth-
yl-5,6,7,8-tetrahydro-2-naphthyl)vinyl)benzoic acid (214mg,
0.62mmol) in CH

2
Cl
2

(40mL). The reaction mixture
was refluxed for 1 h until a clear solution was formed.
Solvent and unreacted oxalyl chloride were removed under
reduced pressure to yield the acid chloride as a pale yellow
solid that was used without purification. A solution of
4-(1-(3,5,5,8,8-pentamethyl-5,6,7,8-tetrahydro-2-naphthyl)
vinyl)benzoyl chloride in acetone (20mL) was added to a
suspension of (OC-6-44)-acetato(trans-1R,2R-diaminocy-
clohexane)hydroxido(oxalato)platinum(IV) (115mg, 0.24
mmol) and pyridine (100 𝜇l, 1.24mmol) in acetone (30mL).
The reaction mixture was stirred at room temperature for
12 h and a formed precipitate was filtered off, washed with
diethyl ether (3 × 5mL) and water (3 × 5mL), and dried
under reduced pressure. Yield: 70mg (36%). m.p. 215-216∘C
(decomp.). C

34
H
44
N
2
O
8
Pt (803.81): calcd. C 50.80, H 5.52, N

3.49; found C 50.55, H 4.97, N 3.48. 1X NMR ([d6]-DMSO)
𝛿: 8.44 (brs, 2X, NH

2
), 8.38 (t, 1X, 𝐽 = 9.7Hz, NH

2
), 8.13 (t,

1X, 𝐽 = 9.7Hz, NH
2
), 7.82 (d, 2X, 𝐽 = 8.5Hz, H3, H24), 7.28

(d, 2X, 𝐽 = 8.5Hz, H4, H23), 7.14 (s, 1X, H20), 7.07 (s, 1X,
H9), 5.89 (s, 1X, H7), 5.24 (s, 1X, H7), 2.77–2.65 (m, 1X, H25/
30), 2.66–2.57 (m, 1X, H25/30), 2.16–2.10 (m, 2X, H26, H29),
1.99 (s, 3X, H34) 1.88 (s, 3X, H22), 1.65 (s, 4X, H14, H15),
1.55–1.41 (m, 4X, H26, H27, H28, H29), 1.26 (s, 6X, H17, H18),

1.23 (s, 6X, H12, H13), 1.22–1.14 (m, 2H, H27, H28) ppm. 13C
NMR ([d6]-DMSO) 𝛿: 179.0 (C33), 172.6 (C1), 164.2 (C31,
C32), 148.8 (C6), 144.2 (C19), 144.1 (C5), 142.3 (C10), 138.4
(C8), 132.5 (C21), 132.2 (C2), 130.2 (C3, C24), 128.3 (C20),
127.8 (C9), 126.3 (C4, C23), 117.3 (C7), 61.8 (C25/30), 61.3
(C25/30), 35.1 (C14/15), 35.1 (C14/15), 34.1 (C16), 34.0 (C11),
32.1 (C12, C13/C17, C18), 32.1 (C12, C13/C17, C18), 31.3 (C26,
C29), 24.0 (C27, 28), 23.5 (C34), 19.9 (C22) ppm. 15N NMR
([d6]-DMSO) 𝛿: −5.3 (NH

2
), −5.1 (NH

2
) ppm. 195Pt NMR

([d6]-DMSO) 𝛿: 3233 ppm. ESI-MS:m/z = 826 [M + Na+]+.

3. Results and Discussion

In order to obtain new Pt(IV) complexes with different
number of bexarotene moieties as axial ligands, we used
Pt(IV) analogs of oxaliplatin and the acid chloride of bex-
arotene (Scheme 3). Complexes 3 and 4 were prepared by
reacting an excess of 4-(1-(3,5,5,8,8-pentamethyl-5,6,7,8-tet-
rahydro-2-naphthyl)vinyl)benzoyl chloride (prepared in
situ from bexarotene and oxalyl chloride) with (OC-6-33)-
(trans-1R,2R-diaminocyclohexane)dihydroxido(oxalato)
platinum(IV) or (OC-6-44)-acetato(trans-1R,2R-diaminocy-
clohexane)hydroxido(oxalato) platinum(IV), respectively.
Pyridine was used as an acceptor of HCl. Crude complexes
were precipitated after concentration of the reactionmixture.
Pyridine hydrochloride was removed by washing the
precipitate with water to yield the pure complex.

Complexes 3 and 4 were characterized by 1H, 13C, 15N,
195Pt 1D, and 2D NMR spectroscopy, ESI mass spectrometry,
and elemental analysis. In the 13C{1H} spectra we observed
a shift of the carboxylic group that confirms the attachment
of bexarotene to the platinum center. The nature of the
axial ligand had only a minor influence on the 1H and
13C resonances in the oxaliplatin moiety [25, 36]. In ESI
mass spectra the most abundant peaks were assigned to the
[M+Na+]+ ion in the positive ion mode or to the [M−H+]−
ion in the negative ion mode for complex 4, respectively;
additionally minor peaks can be assigned to proton and
potassium adducts. For all mass spectra the experimental
isotopic patterns were in a good agreement with calculated
isotopic distribution (Figure 1).
195Pt NMR spectroscopy is a knownmethod formonitor-

ing the coordination sphere of the Pt(IV) center [34, 37]. For
complexes 3 and 4, the resonance at 3228 ppm and 3233 ppm,
respectively, indicates a Pt(IV)N

2
O
4
coordination sphere

(Figure 2). As reported earlier, the nature of carboxylates in
the axial position has no dramatic influence on the resonance
in 195Pt spectra [25, 36, 37].

The cytotoxicity of complexes 3 and 4, bexarotene, and
cisplatin was evaluated in the humanMCF7 breast cancer cell
line and its doxorubicin/cisplatin resistant subline MCF7D,
as well as against colon carcinoma SW480 cells, non-small
cell lung carcinoma A549, and immortalized human nonma-
lignant keratinocyte HaCat cell line using the colorimetric
MTT-test after 72 h of incubation (Table 1). The cytotoxic
potency of oxaliplatin, the Pt(II) precursor of the new
complexes, was taken from literature.
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Figure 1: ESI-MS corresponding to [M+Na+]+ for complexes 3 and 4.

Complex 3 with two axial bexarotene ligands did not
affect the viability of SW480, MCF7, MCF7D, and HaCat
cells at concentrations < 100 𝜇M. Also, the cytotoxic effect
against non-small cell lung carcinoma cell line A549 (IC

50

= 83 ± 16 𝜇M) was minor. In contrast, complex 4 with one
bexarotene ligand showed a considerably higher cytotoxicity
than cisplatin against SW480, HaCat, MCF7, MCF7D, and
A549 cells. Complex 4 was notably more active than parent
bexarotene and exhibited high sensitivity against breast
cancer cells: the IC

50
value in the MCF7 cell line was in the

submicromolar range, providing a promising basis for further
investigation (Table 1). Such a specificity (complex 4 is active,
but 3 is not) is unexpected but rarely reported in the literature
for Pt(IV) complexes with different ligands [37, 38], although

it is not a general rule. Recently we presented a similar design
with lonidamine as biologically active component and no
such specificity was observed [25].

4. Conclusions

A novel platinum(IV) complex featuring the oxaliplatin core
and one axial bexarotene ligand exhibited high cytotoxicity
against a panel of tumor cell lines.This complex ismore active
than cisplatin and preferential sensitivity of a breast cancer
cell line to 4 compared to nonmalignant cells was found.
Remarkably, complex 3 with two bexarotene ligands showed
no activity in the tested cell lines. These results reveal a good
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Table 1: Cytotoxicity of new complexes, bexarotene, cisplatin, and oxaliplatin.

Compounds IC
50
(𝜇M)∗

SW480 A549 MCF7 MCF7D HaCat
3 >100 83 ± 16 >100 >100 >100
4 11 ± 1.6 10 ± 1 0.47 ± 0.07 4.8 ± 0.5 8 ± 1.3
Bexarotene 80 ± 10 85 ± 9 67 ± 13 71 ± 21 >90
Cisplatin 14 ± 4.4 29.0 ± 10 14 ± 7 75 ± 5.8 30 ± 10

Oxaliplatin 0.9 ± 0.3
[34]

11.5 ± 3.9
[34]

43.8
[35] — —

∗Data are mean ± standard deviation from 3 independent experiments; each drug concentration was tested in triplicate. —: no data.
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Figure 2: 195Pt NMR complexes 3 and 4.

potential for the use of bexarotene as ligand in the search for
new metal-based anticancer compounds.
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Co(II) electronic con2guration allows its use as a spectroscopic probe in UV-Vis experiments to characterize the metal co-
ordination sphere that is an essential component of the functional structure of zinc-binding proteins and to evaluate the metal ion
a8nities of these proteins. Here, exploiting the capability of the prokaryotic zinc 2nger to use di:erent combinations of residues to
properly coordinate the structural metal ion, we provide the UV-Vis characterization of Co(II) addition to Ros87 and its mutant
Ros87_C27D which bears an unusual CysAspHis2 coordination sphere. Zinc 2nger sites containing only one cysteine have been
infrequently characterized. We show for the CysAspHis2 coordination an intense d-d transition band, blue-shifted with respect to
the Cys2His2 sphere. +ese data complemented by NMR and CD data demonstrate that the tetrahedral geometry of the metal site
is retained also in the case of a single-cysteine coordination sphere.

1. Introduction

Metal ions in protein complexes exert many fundamental bi-
ological functions spanning from a simple structural role to
direct participation in catalytic activities [1, 2]. Metalloproteins
are, in fact, very abundant, and many of the biological metals
have d-orbital electrons that consent them to experience
di:erent oxidation states. Moreover, transition metals allow
d-orbital hybridization in complex with ligands and thus
coordination of more ligands and a variety of coordination
geometries [3]. In the di:erent protein sites, metal ions can be
found bound to endogenous (both backbone and side chain
atoms of the polypeptide) or exogenous ligands (i.e., other
molecules bound to the protein) [4, 5]. Many protein-bound
metals are divalent ions, and the a8nity evaluation of the
protein for the metal has been the object of numerous
studies [6–11]. +e a8nities measured in di:erent bu:ers
and at di:erent pH values evidence their dependence upon
the measurement conditions as well as the method used
for the analysis. A8nity for a given metal ion, both native
and exogenous, is certainly an essential information for

metalloproteins’ complete characterization, and whatever
be the used technique, it is well known that it crucially
depends on the set of coordinating amino acids.

Among themetalloproteins andmetal-binding domains, the
zinc 2nger motif, characterized by the presence of a structural
zinc ion, is surely the most emblematic [12–15] as it has been
intensively studied for its known ubiquitous presence in the
biological world (e.g., 3% of the genes of the human genome
encode for zinc 2ngers containing proteins [16, 17]).

+e zinc 2nger family is made up of several members
that bind zinc with a di:erent combination of cysteines and
histidines. In the classical eukaryotic zinc 2ngers, also
named “Kruppel ZF,” two cysteines and two histidines bind
zinc with high a8nity. Four cysteine coordination sites and
sites constituted by three Cys and one His can also be found
to tightly bind the structural zinc ion, with this coordination
being always essential for the domain folding [12–15].

+e DNA-binding domain of the prokaryotic Cys2His2 zinc
2nger protein Ros (Ros87) folds in a domain that is structurally
di:erent and signi2cantly larger than its eukaryotic coun-
terpart. Ros87, held together by the structural zinc and by

6
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a 15-residue hydrophobic core, consists of 58 residues
arranged in a βββαα topology [18]. Numerous Ros homo-
logues (Ros/MucR family) have been identi2ed [14,19–24], in
which the coordination sphere appears to be composed of
only one (the 2rst) cysteine [19]. +e second coordinating
residue is usually an aspartate, indicating for this domain the
possibility of a CysAspHis2 coordination. +e structural
characterization of Ros87_C27D [25], an Ros87 mutant
with an aspartate in the second coordinating position, has
demonstrated that this residue surrogates the role of the
second cysteine by monodentally coordinating the zinc ion;
this mutation only slightly perturbs the functional struc-
ture of the domain.

+emain issue when characterizing a zinc protein/peptide
interaction is that Zn(II) is a d10 ion, spectroscopically silent.
So, if a structural change accompanies the binding, folding or
unfolding [8] can be followed with circular dichroism (CD) or
nuclear magnetic resonance (NMR), but in general, the most
di:use procedure to evaluate the zinc ion a8nities considers
a fully Co(II)-loaded protein and follows the Co(II) dis-
placement by zinc via UV-Vis spectroscopy [6,15,26–30].

Cobalt(II), being a d7 ion used as a probe, can substitute
the native metal into both structural and catalytic metal-
binding sites of the examined proteins. Co(II) and Zn(II)
are nearly the same size [31] (ionic radius of 0.58 Å and
0.60 Å, resp.), and many zinc-binding sites have been
shown to be metal substitutable [32–35]. In some cases,
enzymes with a catalytic zinc site have been shown to have
similar or even higher enzymatic activity when Co(II)
substitutes native Zn(II) [3].

Upon Co(II) coordination of ligands, a splitting of the
energy levels of d-orbital electrons occurs. +e Co(II)-ligand
system absorbs light at speci2c wavelengths owing to the so-
called d-d transitions, that is, the excitation and relaxation
of the d-orbital electrons [36]. +e nature and number of
coordinating ligands together with the overall coordination
geometry of the system dictate the wavelengths and the
intensities at which this absorption occurs [37, 38]: an in-
tense band (ε> 300M−1 cm−1) at 625± 50 nm is diagnostic of
a tetrahedral coordination and a weak band (ε≤ 30M−1 cm−1)
at 525 ± 50 nm reveals an octahedral complex. An in-
termediate band (50 ≤ ε≤ 250M−1 cm−1) indicates a penta-
coordination [26].

Co(II) gives absorption bands also at di:erent wave-
lengths: due to the S− → Co(II) ligand-to-metal charge
transfer (LMCT), an intense absorption band in the near
UV, between 316 and 340 nm, can be observed. +is band is
very useful as the magnitude of the extinction coe8cient at
320 nm permits to infer the number of S−-Co(II) bonds as
each bond contributes to ε by about 900–1200M−1 cm−1
[39, 40]. Summarizing, while the ε at ∼320 nm can count the
number of S− involved in the coordination, the ε at ∼600 nm
is utilized to detect the coordination geometry and to hy-
pothesize the nature of the other ligands [26].

Here, exploiting the capability of the prokaryotic zinc
2nger to use di:erent combinations of residues to properly
coordinate the structural metal ion [18, 25, 41], we describe
the e:ect of Co(II) binding on the larger prokaryotic zinc
2nger domain Ros87 and on one of its mutant Ros87_C27D.

2. Materials and Methods

2.1.ProteinExpressionandPuri,cation. All the proteins used
were expressed and puri2ed as previously reported [42].
Only freshly prepared samples were used in all experiments.
BrieRy, the petRos56-142 (Ros87) and petRos56-142_C82D
(Ros87_C27D) proteins were produced as follows: 15N la-
beling for NMR experiments was achieved by growing the
cells at 37°C in a modi2ed minimal medium containing
15NH4Cl as the sole nitrogen source, while for UV-Vis and
circular dichroism experiments, the proteins were expressed
in LB medium. In both cases, the protein expression was
induced for ∼2.0 h with 1.0mM IPTG.

+e cells were then harvested, suspended in 20mM
Na2HPO4 (pH 6.8) bu:er, and lysed by sonication. +e
crude cell extracts were puri2ed by centrifugation, and the
supernatant was applied to a Mono S HR 5/5 cation ex-
change chromatography column (Amersham Biosciences).
+e pooled fractions containing the proteins were applied
to a HiLoad 26/60 Superdex 75 (Amersham Biosciences)
gel 2ltration chromatography column.

2.2. UV-Vis Spectroscopy. +e native zinc ion was removed
obtaining apoRos87 and apoRos87_C27D by acidifying to
pH 2.5 the protein solutions in the presence of 150 µMTCEP
using HCl 0.1M and dialyzing against 10mM Tris, 150 µM
TCEP, pH 2.5. +e pH was 2nally readjusted to 6.5, and it
has been strictly controlled throughout the experiments.
UV-Vis spectra for the Co(II) addition experiments to Ros87
and to apoRos87_C27D were recorded in 10mMTris, 20 µM
TCEP, pH 6.5, on a Shimadzu UV-1800 spectrophotometer
in the range of 200–800 nm at room temperature. +e
apoprotein solution (4 μM in the case of Ros87 and 3 μM in
the case of Ros87_C27D) has been titrated with aliquots
corresponding each to an increase of 0.4 μM of 2nal Co(II)
concentration in solution for each step. 0.1mM CoCl2 so-
lution was used up to 1.6 Co(II)/protein ratio. Each ex-
periment has been repeated at least three times obtaining
comparable results. Protein concentrations were obtained
using absorption at 280 nm at pH 2.5.

2.3. NMR Spectroscopy. NMR samples contained 150 μM of
proteins in 10mM Tris and 150 µM TCEP at pH 6.5 in the
presence of 1.4 equivalents of CoCl2 and 90%H2O/10% 2H2O.
All the HSQC spectra were recorded at 298K on a Bruker
Avance III HD 600MHz equipped with cryoprobe at the
Department of Environmental, Biological and Pharmaceu-
tical Science and Technology, University of Campania-Luigi
Vanvitelli (Caserta, Italy). 1H and 15N chemical shifts were
calibrated indirectly by using TMS as external references. All
NMR spectroscopy data were processed with the TopSpin 3.5
software (Bruker) and analyzed by using the computer-aided
resonance assignment [43] (CARA) software (downloaded
from cara.nmr.ch).

2.4. Circular Dichroism. Circular dichroism experiments
were collected using a JASCO J-815 CD spectropolarimeter
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equipped with Peltier temperature control. Data were
collected in the 200–260 nm wavelength range using
a quartz cuvette with a 1 cm pathlength, with a data pitch
of 1 nm, a band width of 1 nm, and a scanning speed of
50 nm/min. All CD samples contained ∼15 μM of pro-
teins in 10 mM Tris and 150 µM TCEP at pH 6.5. A fresh
solution of CoCl2 5.0 mM has been used to reach a 2nal
[Co2+]/[protein] ratio of 1.4. All the spectra were ac-
quired in duplicates and were subtracted from the bu:er
contribution. Spectra deconvolution has been performed
using the server BeStSel [44].

3. Results and Discussion

+e UV-Vis spectra of the titration of apo-Ros87 (i.e., the
unfolded prokaryotic zinc 2nger Ros87 with no native Zn(II)
bound) and apo-Ros87_C27D (i.e., Ros87 with the second
coordinating cysteine mutated in aspartate) with CoCl2 are
shown in Figures 1(a) and 2(a).

In the case of Co(II)-Ros87, the ε value in the near UV
(at ∼320 nm) that reRects the number of thiolate groups
coordinated is 1950M−1 cm−1 at 350 nm, indicating that the
protein uses two thiol groups to coordinate with Co(II) ion.
On the other hand, the ε value for Co(II)-Ros87_C27D is
1020M−1 cm−1 at 345 nm, indicating the involvement of one
thiol group in Co(II) coordination. In both cases, the lack of
changes in the shape of the spectrum and in the wavelength of
the transition during the titration permits to exclude the
formation of complexes with di:erent protein/Co(II) ratios
(i.e., 2 : 1, 3 : 1, or more) formed at low Co(II) concentrations
[28]. +is UV-Vis behaviour was previously independently
seen on the same proteins in HEPES bu:er [25].

Intense absorption bands around 589–670 nm are also
observed for both proteins. +ese results indicate that Ros87
coordinates the Co(II) with a tetrahedral geometry. Also, Co
(II)-Ros87_C27D exhibits an intense d-d absorption band
centered at about 589 nm with the ε value of 380M−1 cm−1

indicating also in this case a tetrahedral geometry.

Ros87 : AVNVEKQKPAVSVRKSVQDDHIVCLECGGSFKSLKRHLTTHHSMTPEEYREKWDLPVDYPMVAPAYAEARSRLAKEMGLGQRRKANR
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Figure 1: (Top) Ros87 amino acid sequence; (a) UV-Vis spectra of Ros87 titration with CoCl2; (b) the 1H-15N HSQC spectrum of
Ros87 in the presence of 1.4 equivalents of Co(II); (c) the experimental CD spectrum of Ros87 (red) overlaid to the 2tted CD data
(blue) by the server BeStSel; the green histogram indicates the deviations; (d) secondary structure content calculated from the CD data
by the server BeStSel.
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Accordingly, Figures 1(b) and 2(b) show the two 1H-15N

HSQC spectra of Ros87 and Ros87_C27D, respectively, in the
presence of 1.4 equivalents of Co(II) ion. Both spectra show
a combination of intense and discrete signals in both proton
and nitrogen dimensions indicating the interaction of Ros87
and Ros87_C27D with the paramagnetic Co(II), which gives
rise in both cases to folded conformations with stable tertiary
structures (Co(II)-Ros87 and Co(II)-Ros87_C27D). Impor-
tantly, the two spectra show a meaningful overlap with the
holo-Ros87 spectra (data not shown) in the regions not
inRuenced by the paramagnetism of Co(II), thus suggesting
for the cobalt-loaded proteins a structure very similar to the
zinc-loaded proteins.

Accordingly, the CD spectra indicate that also the sec-
ondary structure content of both proteins appears to be well
conserved in the Co(II)-loaded structures with respect to the
zinc-loaded conformations (Figures 1(c) and 2(c)). In fact,
both CD spectra are characteristic of well-structured proteins
containing both α-helical and β-sheet secondary structure.
We estimated from the CD data the protein secondary structure

for the two proteins using the server BeStSel (Figures 1(d) and
2(d)). +is server 2ts the CD experimental curve by linearly
combining 2xed basis components to get the percentage of the
eight secondary structural elements [44]. +e data indicate
that Co(II)-Ros87 and Co(II)-Ros87_C27D structures have
a content of secondary structure similar to that of the Ros87-
calculated structure (PDB code 2JSP) and Ros87_C27D
computational model [25] as determined using the software
MOLMOL [45] and DSSP [46, 47].

+e data reported here overall indicate for the Co(II)
complexation a tetrahedral coordination geometry similar to
that of the native zinc and that the replacement of the zinc
ion by the Co(II) does not drastically perturb the structural
properties of the prokaryotic zinc 2nger domain.

Interestingly, the comparison of the UV-Vis spectra of
Ros87_C27D with those reported in literature for zinc
2ngers with Cys2His2, Cys3His, and Cys4 coordination
outlines a blue shift of the d-d transition bands of the protein
that uses a single cysteine to coordinate the metal ion [48]
(Figure 2). +is shift is in agreement with what has been

Ros87_C27D: AVNVEKQKPAVSVRKSVQDDHIVCLEDGGSFKSLKRHLTTHHSMTPEEYREKWDLPVDYPMVAPAYAEARSRLAKEMGLGQRRKANR
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Figure 2: (Top) Ros87_C27D amino acid sequence; (a) UV-Vis spectra of Ros87 titration with CoCl2; (b) the 1H-15N HSQC spectrum of
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reported by Krizek et al. [10], who describe increasing shifts
of the d-d transition to higher energies as the number of
coordinating cysteines decreases. UV-Vis spectra of zinc
2nger metal sites containing only one cysteine have been
rarely reported [48]. In the eukaryotic Cys2His2 ZF, the
substitution of the second cysteine may result in some cases
(i.e., the substitution with an aspartate or with a glutamate
[48]) in coordination geometries di:erent than the native
tetrahedral coordination demonstrated by weak d-d ab-
sorption bands. Here, we found an intense band at 589 nm
that, together with NMR and CD data, indicates a tetrahe-
dral coordination of the metal ion with a resulting blue shift
of the d-d absorption bands. We therefore propose that the
scheme of the spectra of tetrahedral coordination of Co(II)

in zinc 2ngers with di:erent numbers of cysteines and
histidines (Figure 3(a)) [37, 49] can be implemented (Figure
3(b)) with our results.

We also determined the a8nities of two proteins for Co(II),
through direct titrations in Tris bu:er at pH 6.5 which shows
that complexes de2nitively form when the Co(II)/protein molar
ratio was equal to 1.4. Using the 1 : 1 model to 2t the UV data
(Figure 4) [30], we obtain a lower limit for the β constant of
5.59 (±1.97) × 10−8 for Ros87 and 2.35 (±0.92) ×10−7 for
Ros87_C27D.

+e successive titration of the Co(II)-loaded pro-
teins with Zn(II) induces a progressive reduction of both
bands; the disappearance upon addition of a twofold
excess of Zn(II) ion compared with Co(II) indicates that
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Figure 3: (a) Scheme of the UV-Vis spectra in the 500–800 nm range for Co(II) tetrahedral coordination by di:erent ZFs: four Cys (green
line), three Cys and one His (blue line), and two Cys and two His (red line) [37, 49]. (b) Introducing the single-cysteine coordination sphere
in the scheme (violet line). +e shape of the transition pattern is extremely sensitive to the structure [50].
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a Co(II) ion was substituted with the spectroscopically
inert Zn(II) ion.

4. Conclusions

In this article, we report the spectroscopic and structural
characterization of the Co(II)-substituted forms of the
prokaryotic zinc 2nger Ros87, a native zinc protein, and of
its mutant Ros87_C27D in which the second coordinating
cysteine is mutated to aspartate. UV-Vis spectra of zinc
2nger sites containing only one cysteine, neither regarding
zinc, nor other metals of interest, have been rarely reported
[48]. In the case of the eukaryotic Cys2His2 zinc 2nger, the
substitution of the second coordinating cysteine may result
in some cases (i.e., the substitution with an aspartate or with
a glutamic acid [48]) in a coordination geometry di:erent
than the native tetrahedral coordination demonstrated by
weak d-d absorption bands; when a histidine substitutes the
cysteine, the coordination remains tetrahedral. Here, we
show that, in the prokaryotic domain, the substitution of the
native zinc with cobalt mutation does not profoundly a:ect
the structure of the domain and that the substitution of the
second ligand amino acid with an aspartate gives rise to an
intense band at 589 nm that indicates how this substitution
does not markedly change the tetrahedral coordination
geometry of themetal ion.We also show how the presence of
a single cysteine in the coordination sphere of the protein
implies strong d-d absorption bands in the UV-Vis spectra,
blue-shifted with respect to the two cysteines coordination.

Di:erently from what happens for the small eukaryotic
domain, our data outline how in the case of larger proteins
like Ros87_C27D, other elements composing the structure
(e.g., large hydrophobic cores) play a determinant role in
determining the geometry of the coordination sphere.
Overall, the UV-Vis spectroscopy con2rms to be an excellent
and extremely sensitive tool to determine the number and
geometry of ligands in structural metal sites.
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Fly ash (FA) is a major industrial waste generated from power stations that add extra cost for proper disposal. Recent research
efforts have consequently focused on developing ways to make use of FA in environmentally sound applications. This study,
therefore, investigates the potential ability of raw fly ash (RFA) and polyelectrolyte-coated fly ash (PEFA) to remove cadmium
(Cd) from polluted water. Using layer-by-layer approach, functionalized fly ash was coated with 20 layers from 0.03% (v/v) of
cationic poly(diallyldimethylammonium chloride) (PDADMAC) and anionic polystyrene sulfonate (PSS) solutions. Both surface
morphology and chemical composition of the adsorbent (PEFA) were characterized using Field-Emission Scanning Electron
Microscope (FE-SEM), X-Ray Diffraction (XRD), Fourier-Transform Infrared (FTIR), and X-Ray Fluorescence (XRF) techniques.
The effects of pH, adsorbent dosage, contact time, initial contaminant concentration, and mixing rate of the adsorption of Cd
were also studied in batch mode experiments. Results of the study revealed that a 4.0 g/L dosage of PEFA removed around 99% of
2.0mg/L of Cd in 15min at 150 rpm compared to only 27% Cd removal achieved by RFA under the same conditions. Results also
showed that adsorption by PEFA followed both Langmuir and Freundlich models with correlation coefficients of 98% and 99%,
respectively.

1. Introduction

In today’s world, one issue ofmajor concern is water pollution
as the quality of water available for consumption greatly
affects the health and wellbeing of humans and animals. Fac-
tors like industrialization, agricultural activities, urbaniza-
tion, and population increase among others are likely reasons
for water quality depreciation [1, 2]. The constant discharge
of different pollutants such as organic compounds and heavy
metals into the environment is causing growing concern to
the entire world. Unlike most organic contaminants, heavy
metals aremainly problematic because they accumulate in the
tissues of living organisms and do not biodegrade, thereby
leading to countless threats to the ecological environments
and wellbeing of humans at large [3]. Majorly known heavy

metals primarily consist of cadmium, chromium, mercury,
lead, cobalt, nickel, and so forth; these metallic ions are toxic
and pose severe effects on human health.

Cadmium (Cd) which is a deadly heavy metal of work-
related and environmental worry has been recognized as a
substance that is teratogenic and carcinogenic to human.
The allowable limit for Cd in drinking water is set at
3.0 ppb byWorldHealthOrganization (WHO) [4]. If ingested
beyond the limit, it would affect the kidney or probably
damage it. Common ways via which Cd get leached to the
environment include industrial processes like smelting, alloy
manufacturing, and pesticide and anthropogenic activities
such as improper disposal of cigarette, unused paints, fertil-
izers, and Ni/Cd batteries [5]. Therefore, the removal of this
heavy metal from contaminated water has become a task of
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paramount importance. For that, numerous methods such as
membrane separation, ion exchange, coagulation, softening,
solvent extraction, and adsorption have been employed [6].
Some of these techniques are effective but are not widely
applicable to different pollutants and also generate chemical
waste. Application of these techniques relies on cadmium
concentration and associated costs [7]. Mahvi & Bazrafshan
(2007) applied electrocoagulation to remediate cadmium
using Al electrode. Simulated wastewater of different concen-
trations of cadmium was filled in a tank and their removal
was measured at different pH (3, 7, and 10) and at electric
potential range of 20, 30, and 40 volts. Their investigation
showed that initial pH was lower than the final pH value
[8]. Numerous studies have used the adsorption mechanism
for heavy metals removal using activated carbon owing to its
very good adsorption features but with comparatively high
operating cost [9, 10].Therefore, the need to develop low-cost
adsorbents for heavy metals removal from aqueous solution
has greatly increased. Adsorbents such as Setaria grass [11],
sawdust [12], zeolite [13], clay [9], biomass [14, 15], and fly ash
[6, 16–19] have been used.

Fly ash (FA) is one of the major wastes from power
stations that cannot be cheaply disposed of. Recent research
efforts have consequently focused on developing ways to
make use of FA in applications that are friendly to the
environment. Apart from its limited applications in cement
and concrete industries, fly ash alternative use/reuse in envi-
ronmental study takes advantage of its reasonable adsorptive
property for some water pollutants. Al-Khaldi et al. con-
ducted a comparative study on Cd adsorption using activated
carbon, CNT, CNF, and fly ash. They found out that, at pH 7
in 120min with 50mg and 150 rpm, percent removal of 95, 27,
34, and 38%was attained for fly ash, CNT, CNF, and activated
carbon, respectively [7]. However, the efficiency of the FA
for removing water pollutants was limited in a few previous
studies and, therefore, there is a need to improve its adsorp-
tion efficiency [18]. One way to achieve this objective could
be to coat the surface with polyelectrolytes which enhanced
the adsorptive capacity of several adsorbent materials [18].
Literature search showed that no work has been conducted
to assess the efficiency of FA to remove Cd from water after
being coated with layers of polyelectrolytes which is the main
aim of this work. As fly ash is cheaper compared to other
adsorbent materials, any improvement in the efficiency of
polyelectrolyte-coated fly ash in the removal of heavy metal
ions from water gives it an advantage over other adsorbent
materials.

Polyelectrolytes are charged organic polymers, which are
soluble in water and are formed from monomers of different
kinds.These polymers could be cationic or anionic depending
on the functional ionic group. They are used in many appli-
cations such as water purification and paper production [20].
Examples of polyelectrolytes include poly(diallyldimethyl-
ammonium chloride) (PDADMAC), polystyrene sulfonate
(PSS), and polyethylenimine (PEI). Studies had been made
to modify adsorbents with polyelectrolytes. Zhang et al. [21]
modified multiwalled CNT with PDADMAC for chromium
adsorption of which 32% removal was achieved at pH 6.
Huang et al. [22] successfully applied silica-coated Fe3O4
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Figure 1: Chemical structures of (a) poly(diallyldimethylammo-
nium chloride (PDADMAC) and (b) polystyrene sulfonate (PSS).

functionalized with c-mercaptopropyltrimethoxysilane for
extraction of Cu2+, Hg2+, Cd2+, and Pb2+ in a varied pH
range and even in the presence of foreign ions acting as
interferents such as Al3+, Fe3+, and Cl−. Stanton et al. [23]
showed that alternating polyelectrolyte deposition on porous
supports can yield nanofiltration membranes allowing high
water flux along with selective ion transport by using pairs of
poly(styrene sulfonate)/poly(allylamine hydrochloride) on
porous alumina.

The aim of this study is to explore the potential efficiency
of fly ash to remove Cd ions from contaminated water and
to evaluate the effect of acid treatment and polyelectrolyte
coating of fly ash on removal efficiency. Moreover, the effects
of experimental parameters such as adsorbent dose, contact
time, pH, mixing rate, initial concentration, and temperature
on the Cd ion removal efficiency were also deduced. Ther-
modynamic parameters like enthalpy, entropy, and Gibbs
free energy were also investigated. The acid treatment of fly
ash was done using HNO3 and the polyelectrolyte coating
of fly ash is done by layer-by-layer (LBL) deposition of two
electrolytes, namely, PDADMAC and PSS, solutions on acid-
treated fly ash (AFA).The Cd ion removal efficiency of adsor-
bents wasmeasured using batch adsorption experiments.The
sorption kinetics of Cd on the adsorbents were investigated
using Langmuir and Freundlich isotherm models. Figure 1
shows the chemical structures of PSS and PDADMAC.

2. Materials and Methods

2.1. Chemicals/Stock Solution. All chemicals and solvents
used were of analytical grade. PDADMAC (Mw:
200,000–350,000 kg/mol.) and PSS (Mw: 70,000 kg/mol.)
were commercially acquired and used. Deionized (DI)
water was generated in real time from Milli-Q Ultrapure
water system (Millipore). Working standard solutions were
prepared from stock Cadmium ICP Standard Solution
supplied by ULTRA Scientific (USA) by serial progressive
dilutions with deionized water. The prepared solutions
were stirred for 30mins with a magnetic stirrer to ensure
homogeneity. The pH of the solutions was adjusted using
either 0.1M HNO3 or 0.1M NaOH solution. Buffer solutions
were added as required in order to keep constant pH during
the experiment.
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Figure 2: Schematic illustration of acid treatment and polyelectrolytes coating of fly ash (FA).

2.2. Adsorbent Preparation. Thefly ash used in this study was
obtained from a local power plant in the Eastern Province
of Saudi Arabia. In this plant, raw fly ash is generated
from the combustion of heavy liquid fuel and collected by
electrostatic precipitation technique. This raw fly ash (RFA)
was processed further to produce acid-treated fly ash (AFA)
and polyelectrolyte-coated fly ash (PEFA).

2.2.1. Acid Treatment of Fly Ash. 150 g of fly ashmaterials was
soaked in 1000mLDI water and stirred for 2 h. After stirring,
the mixture was allowed to settle for 10min before the water
was decanted and the procedure was repeated 3 times which
gives a slurry phase, which was subsequently dried in the
oven at 80∘C temperature for 12 h and stored until used for
the batch treatment experiments. 100 g of washed fly ash was
soaked in 300mL of 1M HNO3. The mixture was refluxed at
110∘C temperature for 24 h.The acid was allowed to evaporate
at 60∘C, after which the reaction mixture was diluted with
500mL DI water until the pH of the filtrate becomes neutral.
The residue was then dried in the oven at 105∘C for 72 h [24–
29].

2.2.2. Layer-by-Layer Deposition (Polyelectrolyte Coating of
Fly Ash). Polyelectrolyte coating of fly ash (PEFA) was
prepared by coating the acid-treated fly ash (AFA) with
polyelectrolyte (PE) using modified procedure of layer-
by-layer method described by Li et al. [30]. Succinctly,
the solutions used were prepared by dissolving 3mL of
poly(diallyldimethylammonium chloride) (PDADMAC) or
polystyrene sulfonate (PSS) in 1000mL of water; the solu-
tions were stirred with a stirrer to ensure a homogenous
mixture. The layering then followed Li et al.’s [30] procedure
but without the addition of NaCl to ensure the formation
of thinly coated PE layers as illustrated in Figure 2. The
procedure was repeated until the desired number of layers
was attained, that is (PDADMAC/PSS-FA)n, where 𝑛 could
be 1, 2, 3, 4, 5, . . . , 20.

2.3. Characterization of FA Adsorbents. Characterization of
adsorbents (RFA, AFA, and PEFA) surface morphology
was conducted to understand elemental, mineralogical, and
functional group composition. Scanning electronmicroscopy
(SEM) micrographs were documented using FESEM (JSM-
5900LV) fitted with an energy disperse X-ray spectroscopy
(EDX) detector model X-max. Functional groups were deter-
mined using a Perkin-Elmer 16 FPC FTIR spectrometer with

the aid of KBr pellets and spectra were generated in the region
of 600–4000 cm−1 wavenumber.Thermogravimetric analysis
(TGA) was carried out using thermal analyzer (STA 449 F3
Jupiter) by Netzsch, Germany.The analysis was conducted in
air at a distinct temperature ramped at 10∘C per min to 900∘C
[6]. Phase analysis of the adsorbents was evaluated using D8
ADVANCEX-ray Diffractometermanufactured by BRUKER
(Germany).

2.4. Batch Adsorption Studies. Batch mode adsorption stud-
ies were conducted at room temperature in 100mL Erlen-
meyer flasks covered with aluminium foil to avoid contami-
nation. Effects of pH, contact time, adsorbent dosage, mixing
rate, initial concentration, and temperaturewere investigated.
Analysis of initial and final concentration of Cd ions was con-
ducted using Optima 8000� ICP-OES Spectrometer (Perkin-
Elmer, USA). The percent removal, as well as adsorption
capacity of metal ions, was calculated with the following
equations:

% removal =
𝐶𝑖 − 𝐶𝑒
𝐶𝑖
× 100

adsorption capacity, 𝑞𝑒 (mg/g) =
𝐶𝑖 − 𝐶𝑒
𝑀𝑠
× 𝑉,

(1)

where 𝐶𝑖 is the metal ion initial concentration in solution
(mg/L), 𝐶𝑒 is the final concentration of adsorbate ion in
solution (mg/L), 𝑉 is the total volume of solution (L), and
𝑀𝑠 is adsorbent dosage.

Mean values of 5 replicates were used for data analysis to
ensure reproducibility; relative standard deviation (RSD) was
in the range of ±3–5%.The precision of the standard solution
for analysis was better than 3%.

2.5. Adsorption Isotherm Model. The descriptions of adsorp-
tion behaviors are usually provided by mathematical models
known as the adsorption isotherm models [6]. The dis-
tribution of adsorbate molecules between the liquid phase
and a solid phase at equilibrium state can be indicated
by the adsorption isotherm [25]. In this study, Langmuir
and Freundlich isotherm models were employed to assess
the adsorption behavior of polyelectrolyte-coated fly ash
(PEFA) for Cd ion removal in an aqueousmedium. Langmuir
isothermmodel explains the monolayer adsorption, suggest-
ing that adsorbent materials have finite capacity, considered
as the equilibrium state beyond which no further adsorption
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takes place [31]. The existence of specific homogeneous sites
within the adsorbent at which adsorption occurs is the
main assumption of this model. The Freundlich isotherm
model also explains the adsorptive behavior of the adsorbent
material. Adsorption on a heterogeneous surface with the
interaction between adsorbate molecules is the main applica-
tion of this model. The Langmuir and Freundlich isotherms
are expressed by the following equation:

𝑄𝑒 =
𝑄max𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

. (2)

The above equation can be linearized to

1

𝑄𝑒
=
1

𝑄max𝐾𝐿𝐶𝑒
+
1

𝑄max
. (3)

From (2), 𝐶𝑒 is the equilibrium of Cd concentration (mg/L);
𝑄𝑒 is the amount of Cd (mg) adsorbed per gram of the adsor-
bent at equilibrium (mg/g);𝑄max is the theoretical maximum
adsorption capacity (mg/g); and𝐾𝐿 is the Langmuir isotherm
constant (L/mg). A linear plot of 1/𝑄𝑒 versus 1/𝐶𝑒 can be used
to obtain the values of𝑄max and𝐾𝐿 from slope and intercept,
respectively.

𝑄𝑒 = 𝐾𝑓𝐶𝑒
1/𝑛. (4)

The above equation can be linearized to

ln𝑄𝑒 = ln𝐾𝑓 +
1

𝑛
ln𝐶𝑒. (5)

From the equation above, 𝐾𝑓 is the Freundlich adsorption
constant related to the adsorption capacity [(mg/g) (L/mg)],
while the remaining parameters (𝑄𝑒 and 𝐶𝑒) were described
above. A linear plot of ln𝑄𝑒 versus ln𝐶𝑒 can be used to obtain
the values of𝐾𝑓 and 𝑛 from intercept and slope, respectively.

2.6. Kinetic Modelling Studies. The adsorption of Cd (II)
was analyzed using different kinetic models like pseudo-
first-order model, pseudo-second-order model, and Weber
intraparticle diffusion expressed in the following equations:

log
(𝑞𝑒 − 𝑞𝑡)

𝑞𝑒
=
−𝐾𝐿𝑡

2.303
(6)

1

(𝑞𝑒 − 𝑞𝑡)
=
1

𝑞𝑒 + 𝐾𝑡
(7)

𝑡

𝑞𝑡
=
1

(2𝐾𝑠𝑞𝑒
2)
+
𝑡

𝑞𝑒
(8)

𝑞𝑡 = 𝐾id𝑡
1/2 + 𝐶. (9)

In the equations above, 𝑞𝑒 and 𝑞𝑡 are amounts of Cd adsorbed
(mg/g) at equilibrium and at a given time, 𝑡 (min), respec-
tively. 𝐾𝐿 is the pseudo-first-order rate constant sorption
(min−1). 𝐾𝑠 and 𝐾 are pseudo-second-order and second-
order adsorption rate constants (g⋅mg−1⋅min−1). 𝐾id, 𝑡

1/2,
and 𝐶 are intraparticle diffusion rate constant (mg/g⋅min−1),

square root of time (min)1/2, and intercept, respectively. The
constants (𝐾𝐿,𝐾𝑠, and𝐾) can be determined from the slopes
of linear plots of log(𝑞𝑒 − 𝑞𝑡) against 𝑡, 𝑡/𝑞𝑡 against 𝑡, and
1/(𝑞𝑒 − 𝑞𝑡) against 𝑡, where 𝑞𝑒 can be determined from the
intercept data of pseudo-second-order and second-order rate
equations.

3. Results and Discussions

3.1. Material Characterization

3.1.1. Surface Morphology. Surface morphology of raw fly
ash (RFA), acid-treated FA (AFA), and polyelectrolyte-coated
FA (PEFA) was examined with the aid of Field-Emission
Scanning ElectronMicroscopy (FESEM) and energy disperse
X-ray spectrometry (EDX). The surface morphologies of the
RFA, AFA, and PEFA are presented in Figures 3, 4, and 5,
respectively.

Figure 3(a) shows that the RFA has sizes that range
from 50 to 500 microns. Elemental composition revealed by
EDX spectra in Figure 3(b) shows that carbon (C) has 72%,
oxygen has 16.6%, and the remaining elements, silicon (Si),
copper (Cu), vanadium (V), aluminium (Al), and sulphur (S),
were found to have 0.2, 6.0, 0.7, 2.0, and 2.8% composition,
respectively.

When RFA was treated with nitric acid (HNO3), most of
the heavy metals impurities present in the as-received raw
fly ash were removed as shown in the EDX spectrum in
Figure 4(b). Moreover, it was observed that more pores were
visible as a result of the treatment with nitric acid as shown
in Figure 4(a) compared to raw fly ash shown in Figure 3(a).
The spectrum in Figure 4(b) reveals that the carbon content
increased from 72 to 92% and also reveals an increase in the
silicon content from 0.2 to 0.4.

Figure 5(a) shows the morphology of polyelectrolyte-
coated fly ash (PEFA) along with its elemental composition in
Figure 5(b). The SEM image shows that a thin pore linen was
coated with PDADMAC-PSS and the EDX spectrum shows
an increase in the sulphur content (2.77–5.03%) of the fly ash
upon coating with polyelectrolyte which might be due to the
component of the polymer that has a polystyrene sulfonate
compound (i.e., PSS) in its composition.

3.1.2. Elemental Analysis by X-Ray Fluorescence (XRF) Anal-
ysis. XRF analysis was carried out to determine the actual
elemental composition of the RFA, AFA, and PEFA adsor-
bents. The results, as summarised in Table 1, identified the
presence of some trace metals like vanadium, manganese,
iron, nickel, zinc, and molybdenum with their percentage
compositions. It was observed that RFAhas no silicon content
but has high sulphur content of 51% compositionwhich could
be attributed to the fact that the fly ash used in this study is
an oil fly ash, received from local power plants operating on
liquid fuel. This type of fly ash is usually characterized by low
silicon and aluminium contents [32, 33]. As could be inferred
from the EDX spectrum, the fly ash has a high carbonaceous
content which is not commonly found at that rate in coal fly
ash with high silicon and aluminium contents [32, 34]. After
treatment with acid (AFA), the fly ash tracemetal content was
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Figure 3: Raw FA (a) SEMmicrographs (view field: 500 and 150 𝜇m; voltage: 10 kV; resolution: 382x and 1.27 kx); (b) EDX spectrum.

reduced to a nonsignificant value, whereas sulphur content
increased from 51% to 86% as shown in Table 1. In PEFA,
trace metals were either absent or not present in detectable
quantity but sulphur content increased to 92.5% which might
be a result of additional sulphate group present in the polymer
used for coating.

3.1.3. FTIR (Fourier-Transform Infrared) Spectroscopy Anal-
ysis. FTIR technique was used to ascertain the functional
groups present in RFA, AFA, and PEFA surface. The samples
were scanned from 500 to 4000 cm−1 and the intensity of
peaks in the IR spectra was observed. Figure 6 shows FTIR
spectra for RFA, AFA, and PEFA. The raw fly ash shows a
mildly prominent peak at 604 cm−1 as a result of the naturally
occurring C-S bond [35]. There was a prominent peak at
1367 cm−1 as a result of skeletal vibration of a C-C bond
[26]. A peak was observed at 1628 cm−1, which indicates the
presence of C=C functional group of an alkene [28, 36]. A
sharp peak at 1711 cm−1 represents C=O in ester group as
noted by Shawabkeh et al. [27]. A broad trough was observed
at 3436 cm−1 as a result of O-H stretching of alcoholic groups
[27, 37].However, after treatmentwith an acid (HNO3), peaks
were only seen at lower and higher region of the spectra;
this might be a result of the bond breaking due to reactions

Table 1: Elemental composition of RFA, AFA, and PEFA as revealed
by XRF.

Atomic number Elements RFA AFA PEFA
14 Silicon (Si) 0 0.76 0.00
15 Phosphorus (P) 1.09 0.66 1.18
16 Sulphur (S) 51.44 86.25 92.50
20 Calcium (Ca) 1.91 2.16 2.23
23 Vanadium (V) 20.22 5.10 1.09
25 Manganese (Mn) 0.1 0.00 0.00
26 Iron (Fe) 11.34 2.10 1.29
28 Nickel (Ni) 13.46 2.95 1.70
30 Zinc (Zn) 0.42 0.00 0.00
42 Molybdenum (Mo) 0.02 0.006 0.005

Loss on Ignition (LOI) 0.009 0.014 0.005
Total 100 100 100

between the acid and fly ash particles. After coating the
AFA with polyelectrolytes (PDADMAC and PSS), a more
prominent and sharp peak was observed at 607 cm−1 of PEFA
which is evident of the presence of more C-S functional
groups. The peak of C=C reappeared at 1635 cm−1 [29,
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Figure 4: Acid-treated FA (a) SEMmicrographs (view field: 500 and 150 𝜇m; voltage: 10 kV; resolution: 382x and 1.27 kx); (b) EDX spectrum.

38]. Additionally, there was C-N peak at 2386 cm−1, which
indicates the presence of the polyelectrolytes PDADAMAC
on the fly ash [39, 40]. The peaks observed at 3442 and
3451 cm−1 of the RFA andAFA spectra, respectively, were also
observed at 3454 cm−1 in PEFA indicating the presence of
carboxylic acid O-H functional groups.

3.1.4. Phase Identification by X-Ray Diffraction (XRD). The
mineralogical compositions of RFA, AFA, and PEFA were
studied using X-ray diffractometer. Overall, the XRD spectra
shown in Figure 7 show the presence of carbon, sulphur, 𝛼-
quartz (low quartz content), 𝛽-quartz (high quartz content),
and cristobalite. A prominent peak was observed at 21.6∘ 2𝜃;
this confirms the presence of highly concentrated carbon.The
amorphous phase between 22∘ and 28∘ 2𝜃 contains sulphur
and quartz, respectively. A small peak of cristobalite at 31.4∘
2𝜃 was observed. Carbon was very prominent through the
prepared adsorbents (RFA, AFA, and PEFA). One significant
observation was the presence of 𝛽-quartz at 27.4∘ 2𝜃 in
both AFA and PEFA, respectively. No significant peaks were
observed after 40∘ 2𝜃, indicating the presence of amorphous
carbon.The XRD pattern of this material can be attributed to
that of carbon black or oil fly ash which are both amorphous.
Also, the crystalline structure of oil fly ash is known to consist

of carbon and metallic sulphur in the amorphous state [41].
Hence, the fly ash used to prepare PEFA in this study can be
referred to as oil fly ash as confirmed from theXRD spectrum.

3.1.5. Thermogravimetric Analysis (TGA). Thermogravimet-
ric analysis was performed to measure the thermal stability
and purity of adsorbents. Figure 8 displays the thermograms
of RFA, AFA, and PEFA. All samples analyzed exhibit similar
curves and do not contain adsorbed water. Due to volatiliza-
tion/decomposition of organic or inorganic substances, a 2%
weight loss was observed between 100 and 470∘C in RFA.
Dramatic weight losses of 84% for RFA between 470 and
600∘C, 80% for AFA at temperature range of 580–630∘C, and
97% for PEFA between 580 and 670∘C can be attributed to the
phenomenon of gas generation (CO2 andCO) upon pyrolysis
[42]. Among the three adsorbents, AFA seems to be more
thermally stable than the rest with a residual of approximately
5%. Other samples burn off almost completely before the
maximum set temperature of 900∘C.

3.2. Removal of Cadmium

3.2.1. Effect of pH. Generally, metal adsorption consists of
a multifaceted mechanism of ion exchange, metal chelating
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Figure 5: Polyelectrolyte-coated FA (a) SEMmicrographs (view field: 500 and 150𝜇m; voltage: 10 kV; resolution: 382x and 1.27 kx); (b) EDX
spectrum.
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with numerous anionic functional groups, physical forces
sorption, and trapping of ions in the interior sphere of
adsorbents architectural network [9]. Different forms of Cd
species occur in deionized water as Cd2+, Cd(OH)2(s), and
Cd(OH)+ [43]. pH was a leading factor affecting Cd (II)
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Figure 7: XRD spectra of RFA, AFA, and PEFA.

ion removal under the investigated conditions. Nonetheless,
Cd2+ often exists as a complex [Cd(H2O)6]

2+ at low pH and
also as prevailing species [44].With a specific focus on PEFA,
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Figure 9: The influence of pH on the removal efficiency of Cd (II)
ions on FA based adsorbents (RFA, AFA, and PEFA) as a function
of 2mg/L metal ion concentration, 4 g/L adsorbent dosage, 50mL
volume of aqueous solution, mixing rate of 150 rpm, 15min contact
time, and 298K temperature.

the adsorption of Cd (II) ions by RFA, AFA, and PEFA was
investigated at pH 4–10 to fix the optimum pH removal.
Figure 9 illustrates an increase in Cd (II) removal efficiency
with increased pH in aqueous solution with other parameters
fixed at 2mg/L of metal ion concentration, 4 g/L of adsorbent
dosage, 50mL volume of aqueous solution, mixing rate of
150 rpm, contact time of 15min, and temperature of 298K.
Maximum sorption of Cd ion was attained at pH 9 due
to the fact that in acidic medium Cd (II) ion sorption is
low as a result of available large number of hydrogen ions
(H+) which outcompete Cd ions for active sites. However,
as the pH increases, the number of positively charged ions
available for active sites reduces with a rise in negatively
charged ion for binding [38]. Moreover, the sudden increase
and decrease in the removal efficiency as observed in Figure 9
suggest an elaborate process of exchanging ions, sorption
driven by physical forces, metal chelation, and trapping of
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Figure 10: The influence of contact time on the removal efficiency
of Cd (II) ions on FA based adsorbents (RFA, AFA, and PEFA) as
a function of pH value of 9, 2mg/L metal ion concentration, 4 g/L
adsorbent dosage, mixing rate of 150 rpm, 50mL volume of aqueous
solution, and 298K temperature.

ions in the internal sphere of the structural arrangement of
the adsorbents [45].

3.2.2. Effect of Contact Time. Contact time is the time
required for equilibrium to be attained in the process of
adsorption when no substantial variations are detected in
adsorptive concentration after a definite period of time [38].
It hinges on the surface features of the adsorbent in question.
To find the optimum contact time for Cd (II) ions uptake,
varying contact times from 5min to 2 h were studied from
aqueous solutions of 2mg/L Cd (II) ions concentration,
adsorbentmass of 4 g/L, pHvalue of 9,mixing rate of 150 rpm,
and 298K temperature.The results obtained indicated that at
first there was rapid adsorption of Cd (II) ions for PEFA with
98% removal and a gradual decrease to attain equilibrium
in 2 h as shown in Figure 10. Initial fast adsorption for
this adsorbent might be a result of rich active sites on the
adsorbent surface which become filled up with increasing
time and turn out to be saturated [9, 38, 46]. Moreover, the
decline in the removal efficiency could be attributed to the
presence of metal impurities (V, Mn, Fe, Ni, Mo, and Zn)
as revealed by XRF in Table 1, which might have occupied
the active site needed for sorption. For this study, optimum
contact time was chosen to be 15min as maximum Cd ions
removal was reached at this time. Percent removal for RFA
andAFAwas 25 and 72%, respectively, at the chosen optimum
contact time.

3.2.3. Effect of Adsorbent Dosage. The mass of adsorbent has
an effect on the active site available for binding of Cd (II)
ions in aqueous solution [25, 46]. In this study, batch mode
experiments were conducted by applying varying quantities
of RFA, AFA, and PEFA from 1 to 6 g/L at pH value of
9, 2mg/L metal ion concentration, 150 rpm mixing rate,
15min contact time, 50mL volume aqueous solution, and
298K temperature. As illustrated in Figure 11, Cd (II) ion
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Figure 11:The influence ofAdsorbent dose on the removal efficiency
of Cd (II) ions on FA based adsorbents (RFA, AFA, and PEFA) as a
function of pH value of 9, 2mg/L metal ion concentration, 15min
contact time, mixing rate of 150 rpm, 50mL volume of aqueous
solution, and 298K temperature.

sorption rises with an increase in dose of adsorbents up till
4 g/L and there was little or no significant adsorption for
remaining dosage. Sorption increase with an increase in dose
of adsorbent could be attributed to surface area increase, the
rise in the exchange site ability of the ion, and an increase
in active sites [18, 19, 38, 47]. PEFA reaches optimum at
4 g/L unlike RFA and AFA with 5 g/L and 6 g/L as well as
removal efficiency of 48 and 84%, respectively. Incomplete
adsorbent aggregation which leads to a decline in Cd ion
uptake active surface area may be the reason for the drop
in removal efficiency at higher concentration for RFA. 4 g/L
adsorbent dose was used for other investigations.

3.2.4. Effect of Mixing Rate. The mixing rate ensures that Cd
(II) ions are transferred to the active sites by supporting the
contact between Cd ions in aqueous solution and adsorbent
binding sites [47]. The optimum removal of Cd (II) at pH
value of 9 was used to investigate the effect of mixing rate
on the adsorption of Cd (II) ion for RFA, AFA, and PEFA.
Figure 12 indicates that the removal of Cd ion increases with
mixing rate increase from 50 to 150 rpm. Maximum removal
of over 96%was achieved for PEFA, 77% forAFA, and 27% for
RFA at 150 rpm with 2mg/L metal ion concentration, 50mL
volume of aqueous solution, 4 g/L dose of adsorbents, pH
value of 9, contact time of 15min, and 298K temperature.
Afterwards, there was no significant removal achieved above
this mixing rate under similar conditions. This observation
could be ascribed to improved interaction between the
sorption-active sites and Cd ions in aqueous solution with an
increase mixing rate [25].The value of 150 rpmwas chosen as
optimummixing rate.

3.2.5. Effect of Initial Concentrations. Investigating the ini-
tial concentration of metal ion is essential in the sorp-
tion studies because water and wastewaters contamination
does have diverse metal ion concentrations; hence, knowl-
edge of its influence is required for an elaborate sorption
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Figure 12: The influence of mixing rate on the removal efficiency
of Cd (II) ions on FA based adsorbents (RFA, AFA, and PEFA) as a
function of pH value of 9, 2mg/L metal ion concentration, contact
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Figure 13: The influence of initial concentration on the removal
efficiency of Cd (II) ions on FA based adsorbents (RFA, AFA, and
PEFA) as a function of pH value of 9, 150 rpm mixing rate, contact
time of 15min, 4 g/L adsorbent dosage, 50mL volume of aqueous
solution, and 298K temperature.

investigation [9]. The effect of Cd ion concentration in
aqueous solution on its sorption by RFA, AFA, and PEFA
was conducted with 4 g/L dose of adsorbent, pH value of
9, 150 rpm mixing rate, 15min contact time, and 298K
temperature. Initial Cd ions concentrations investigated were
varied from 1 to 10mg/L and their effects on the removal
efficiency were established. In Figure 13, it was observed that
increasing the initial concentration of Cd (II) ions in solution
could cause a decline in the removal efficiency of RFA, AFA,
and PEFA. This can be ascribed to bulky quantities of Cd
(II) ion with inadequate active sites on the surface of the
adsorbents which resulted in increased concentration of Cd
(II) ion in the greater part of the aqueous solution and as a
result decreasing Cd ion removal efficiency [9, 25].
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Figure 14: (a) The influence of temperature on the removal efficiency of Cd (II) ions on FA based adsorbents (RFA, AFA, and PEFA) as a
function of pH value of 9, 2mg/L metal ion concentration, 150 rpm mixing rate, contact time of 15min, 4 g/L adsorbent dosage, and 50mL
volume of aqueous solution. (b) Van Hoff plot for Cd ion sorption at pH value of 9, 2mg/L metal ion concentration, 150 rpm mixing rate,
PEFA, contact time of 15min, 4 g/L adsorbent dosage, and 50mL volume of aqueous solution.

3.2.6. Effect of Temperature. Figure 14(a) illustrates Cd ion
sorption on RFA, AFA, and PEFA at different temperatures. It
can be deduced from the graph that an initial rise in temper-
ature brings about a sharp increase in Cd (II) sorption from
273 to 298K [38, 48]. This observation could be attributed to
the fact that more chemical sites were present as temperature
rises from 288 to 298K to surface component dissociation on
PEFA. This also suggests that the adsorption mechanism of
Cd (II) ion on PEFA could be chemical sorption in addition
to physical sorption as observed for RFA in which sorption
increases with an increase in temperature. After a drop in
removal efficiency at 308K, there was a steady increase up till
328 k, suggesting that a high temperaturemight be a favorable
factor in the sorption process as well and indicating that the
adsorption is endothermic [9, 38].

To assess the feasibility and spontaneity of sorption
process, thermodynamic parameters like ΔG∘ (free energy
change), ΔH∘ (enthalpy change), and ΔS∘ (entropy change)
were determined as shown in Table 2. Gibbs free energy
change of sorption was calculated from the following equa-
tion:

Δ𝐺∘ = −𝑅𝑇 ln𝐾𝑑, (10)
where 𝑅 is 8.314 J/mol⋅K, 𝑇 (K) is the absolute temperature,
and𝐾𝑑 is the distribution coefficient expressed as𝐾𝑑 = 𝑞𝑒/𝐶𝑒,
where 𝑞𝑒 is the amount of Cd ion adsorbed at equilibrium
and 𝐶𝑒 is the concentration of Cd ion in aqueous solution at
equilibrium.

ln𝐾𝑑 = −
Δ𝐺∘

𝑅𝑇
(11)

ln𝐾𝑑 = −
Δ𝐻∘

𝑅𝑇
+
Δ𝑆∘

𝑅
. (12)

Table 2:Thermodynamic parameters for Cd (II) ions adsorption by
polyelectrolyte-coated fly ash (PEFA).

𝑇 (K) 𝐾𝑑 ΔG∘ (KJ/mol) ΔH∘ (KJ/mol) ΔS∘ (J/mol/K)
288 0.55306 1.41818 24.80814 80.98418
298 4.12617 −3.5116

308 1.01149 −0.0293

318 1.37544 −0.8428

328 2.00362 −1.8951

Equation (12) is known as theVanHoff equation; the values of
Δ𝐻∘ and Δ𝑆∘ were calculated from slope and intercept of the
plot of ln𝐾𝑑 against 𝑇

−1 (K−1) as indicated in Figure 14(b).

3.3. Isotherm and Kinetic Studies

3.3.1. Langmuir and Freundlich Isotherm Models. In order
to determine the maximum sorption capacities of PEFA,
data gotten at equilibrium for sorption experiment were
employed. Figures 15(a) and 15(b) illustrate Langmuir and
Freundlich isotherm models for Cd (II) at optimum pH (9).
The maximum sorption capacity and adsorption intensity
values were calculated from the slope and intercept of the
plots between 1/𝑞𝑒 and 1/𝐶𝑒 for Langmuir as in 𝑞𝑚 and 𝐾𝐿
[31] and between ln 𝑞𝑒 and ln𝐶𝑒 for Freundlich as in
𝐾𝑓 and 𝑛 [49], respectively. Table 3 shows the correlation
coefficient values (𝑅2) for both Langmuir and Freundlich as
well as other parameters. This implies that both models fitted
well for the experimental data. Nonetheless, the important
features of Langmuir parameters can be applied to further
forecast the interaction between the adsorbate and adsorbent
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Figure 15: (a) Langmuir adsorption isotherm model. (b) Freundlich adsorption isotherm model.

Table 3: Langmuir and Freundlich constants for Cd (II) ion uptake.

Langmuir constants Freundlich constants
R2 KL 𝑄max RL 𝜃 R2 Kf 1/n

PEFA 0.9918 0.4101 6.3939 0.4714 0.5286 0.9924 0.4568 0.878

Table 4: Sorption kinetics parameters for Cd (II) ion adsorption by PEFA.

Pseudo-1st-order Pseudo-2nd-order Intraparticle diffusion
𝑞𝑒 𝐾1 𝑅2 𝑞𝑒 𝐾2 𝑅2 𝐾𝑖 𝐶 𝑅2

PEFA 148.9 0.0619 0.9802 0.6052 4.2983 0.999 0.0046 0.8413 0.8365

with the aid of dimensionless separation parameters (𝑅𝐿) as
indicated in the following equation:

𝑅𝐿 =
1

1 + 𝐾𝐿𝐶𝑖
, (13)

where 𝐾𝐿 is Langmuir constant and 𝐶𝑖 is Cd (II) ions
initial concentration. 𝑅𝐿 value gives essential information on
sorption nature. 𝑅𝐿 value for this study as shown in Table 3
indicates a favorable adsorption process (𝑅𝐿 < 1) for 2mg/L
Cd (II) ion concentration [9, 38, 49]. Adsorption of PEFA can
also be explained in terms of surface area coverage in contrast
to initial concentration of Cd ion [38]. Langmuir model for
surface area coverage of adsorbent surface can be illustrated
with aid of the following equation:

𝐾𝐿𝐶𝑖 =
𝜃

1 − 𝜃
, (14)

where 𝜃 is the surface area coverage of adsorbent surface as
indicated in Table 3.

3.3.2. Kinetic Studies of Adsorption. As indicated in (7), (8),
and (9), kinetic studies of sorption data were evaluated
by different kinetic models like pseudo-1st-order model,
pseudo-2nd-order model, and intraparticle diffusion [43, 49,
50]. Sorption of cadmium ions was supervised at different
period of time. Sorption of Cd (II) ions was calculated

from data acquired. To determine the appropriate kinetic
model, Cd (II) ion adsorption was plotted against time.These
data were fitted into pseudo-1st-order, pseudo-2nd-order,
and Weber intraparticle diffusion equations [43]. Table 4
shows that values of 𝑞𝑒 and 𝐾𝑖 were calculated from 𝐾𝑖
(Slope) and ln 𝑞𝑒 (intercept) of plot ln(𝑞𝑒 − 𝑞𝑡) versus 𝑡.
The correlation coefficient value (𝑅2 = 0.9802) for pseudo-
1st-order model was lower than that of pseudo-2nd-order
model. This could be linked to the fact that sorption kinetics
take place chemically and involve forces of valency via ions
sharing or electron exchange between adsorbent and the
adsorbed ions on PEFA [46, 51]. Values of 𝑞𝑒 and 𝐾2 were
calculated from 𝑞𝑒 and 1/𝑞𝑒 (slope) and 1/𝐾2𝑞𝑒2 (intercept)
of the plot. The correlation (𝑅2 = 0.9999) for pseudo-2nd-
order model was very strong, pointing towards the fact that
sorption of cadmium ions occurred on a monolayer mode,
with the assumption that the rate limiting factor could be
chemical sorption [38]. This indicated that the cadmium
ions were chemically bonded to definite active sites on the
surface of PEFA. Weber and Morris’ intraparticle diffusion
equation was also plotted for 𝑞𝑡 against 𝑡

1/2 [50]. Values of
𝐾𝑖 and 𝐶 were calculated from 𝐾𝑖 (slope) and 𝐶 (intercept)
as shown in Table 4. Its correlation value (𝑅2 = 0.8365)
was the lowest and the plot intercept did not pass through
the origin pointing towards some control of boundary layers
and suggesting that intraparticle pore diffusion is not the
only rate limiting factor [38]. The intraparticle diffusion
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equation plot highlights multilinearity, indicating a three-
stage process.The initial sharper part is linked to the diffusion
of Cd (II) ions via the solution to the external surface
of PEFA or boundary layer diffusion of solid molecules
[38]. The second part gives description of ion phase, where
intraparticle diffusion is a rate limiting factor. The third part
is ascribed to the final equilibrium phase. Nonetheless, the
intercept of the plot (not shown) fails to pass through the
origin, whichmay be attributed to the difference in the rate of
mass transfer in the initial and final phases of sorption [52].

4. Conclusion

This study has demonstrated that polyelectrolyte-coated fly
ash (PEFA) performed as an excellent adsorbent for Cd (II)
ion in aqueous solution. Adsorption of Cd (II) on PEFA
surface was dependent on the dosage of adsorbent, pH of the
aqueous solution, contact time, Cd (II) initial concentration,
and temperature. Optimum conditions for Cd ions removal
were found to be at an adsorbent dose of 4 g/L, pH value of
9, 15min contact time, mixing rate of 150 rpm, 2mg/L Cd
initial concentration, and 298 k temperature. The maximum
sorption capacity of PEFA was achieved at 6.40mg/g with
the experimental data fitting well to both Langmuir and Fre-
undlich isotherm models and following pseudo-2nd-order
kinetics. The investigation of thermodynamic parameters
suggested that the adsorption of Cd (II) ions interaction with
PEFA was endothermic and spontaneous and was increasing
disorderliness of solute solution interface. This research
highlights that fly ash material, a hazardous industrial waste,
has a great potential in water treatment application.
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Zéphirin Mouloungui 1,3
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-e adsorption of bixin in aprotic solvents onto acid- and alkali-treated kaolinite was investigated. Kaolinite was treated three
times, for 6 h each, with 8MHCl or 5MKOH.-e adsorbents were characterized by XRD, FT-IR, EDS, and BET-N2.-e effects of
contact time and dye concentration on adsorption capacity and kinetics, electronic transition of bixin before and after adsorption,
and also mechanism of bixin-kaolinite adsorption were investigated. Dye adsorption followed pseudo-second order kinetics and
was faster in acetone than in dimethyl carbonate. -e best adsorption results were obtained for KOH-treated kaolinite. In both of
the solvents, the adsorption isotherm followed the Langmuir model and adsorption capacity was higher in dimethyl carbonate
(qm � 0.43mg/g) than in acetone (0.29mg/g). -e adsorption capacity and kinetics of KOH-treated kaolinite (qm � 0.43mg/g,
k2 � 3.27 g/mg·min) were better than those of HCl-treated kaolinite (qm � 0.21mg/g, k2 � 0.25 g/mg·min) and natural kaolinite
(qm � 0.18mg/g, k2 � 0.32 g/mg·min). -ere are shift in the band position of maximum intensity of bixin after adsorption on this
adsorbent. Adsorption in this system seemed to be based essentially on chemisorption due to the electrostatic interaction of bixin
with the strong basic and reducing sites of kaolinite.

1. Introduction

Bixin (methyl hydrogen 9′-cis-6,6′-diapocarotene-6,6′-dio-
ate, C25H30O4) is a carotenoid dye extracted from the seeds
of the tropical shrub annatto (Bixa orellana L.) [1]. It is
widely used in industry, cosmetics, and pharmaceutical
products and as a food colouring and textile dye [2–5]. Bixin
has photoactive properties and was recently explored as
a sensitizing dye in solar cells [6–8] and for photodynamic
therapy [9]. -e potential uses of bixin in these applications
are based on the conjugated double bond which can absorb
energy in the visible region (400–500 nm), yielding colours
in the yellow, orange, and red range. However, as other
carotenoids, this double bond renders bixin unstable to light,
temperature, and oxygen exposure [10, 11].

-e poor heat and light stability of carotenoids in vitro is
problematic when trying to construct photofunctional materials,

such as photosensitized semiconductors and nonlinear optical
materials [12]. -ere have been reports of efforts to increase
the stability of bixin to render it suitable for a broader range of
applications, by incorporating this molecule into the surface
or interlayer space of clay minerals. Kohno et al. [13] showed
that annatto dye/organo-montmorillonites were more pho-
tostable than pure annatto dye because the layered structure
of the montmorillonite protected the dye molecules from
external oxygen. Rahmalia [14] reported the immobilization
of bixin on natural kaolinite.-e resulting product had slower
degradation kinetics in acetone than pure bixin. Furthermore,
solar cells sensitized with bixin immobilized on acid-activated
kaolinite [7] had a higher energy conversion efficiency than
cells sensitized with pure bixin [6].

-e incorporation of various organic compounds into
clays and clay minerals has been reported, due to the surface
properties of these minerals, such as their adsorption
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capacities, surface charges, their large surface area, charge
density, types of exchangeable cations, hydroxyl groups on
the edges, silanol groups of crystalline defects or broken
surfaces, and Lewis and Brönsted acidity [15–17]. Kaolinite
(Al2Si2O5(OH)4) is a relatively inexpensive clay mineral that
is highly effective as a carrier material. -is behaviour is
governed by the extent and nature of the external surface,
which can be modified by appropriate treatment techniques
[18–20]. Activation with acid or alkali has been widely
studied as a chemical treatment for improving the surface
characteristics of natural kaolinite in terms of its interactions
with adsorbate [21–23]. Kaolinite is also hydrophobic and
could therefore easily adsorb hydrophobic organic mole-
cules, such as bixin [24–27]. -e use of an activation process
without heating for the ultimate enhancement of energy
economics for bixin was investigated.

Clay minerals have been used as solid matrices to en-
hance the stability of bixin, but no systematic study has
described the mechanism of bixin adsorption onto kaolinite.
Rapid and efficient dye adsorption is important for in-
dustrial applications. -e isotherm and adsorption kinetics
of bixin were therefore determined on acid- and alkali-
treated kaolinite. Untreated kaolinite was also tested for
the purpose of comparison. Acetone and dimethyl carbonate
were used as solvents because bixin was highly soluble in
both these aprotic solvents. We previously reported that the
transition energy and molar attenuation coefficient of bixin
in dimethyl carbonate were similar to those in acetone [28].
Dimethyl carbonate would therefore be an appropriate al-
ternative to volatile organic solvents like the nonpolar
aprotic solvent acetone. Dimethyl carbonate is widely used
as dialkyl carbonate with many applications in novel green
chemistry [29]. It is a valuable chemical for industrial
chemical engineering, due also to its low toxicity [30]. -is
study identified appropriate ketone and carbonate solvents
for use in applications of bixin. Such applications, including
the synthesis of a new sensitizing kaolinite-bixin dye, have
become important in several fields.

2. Materials and Methods

2.1.Materials. Bixin crystals containing 88.11% cis-bixin and
11.75% di-cis-bixin and an unknown compound (0.14%)
were obtained by the extraction and purification processes
described by Rahmalia et al. [31]. Kaolinite (Al2O7Si2.2H2O),
CAS Number 1318-74-7, was supplied by Sigma-Aldrich
(Germany), together with analytical grade hydrochloric
acid (HCl, 37%) and potassium hydroxide (KOH), and the
HPLC grade solvents acetone (≥99.5%) and dimethyl car-
bonate (99%) were supplied by Sigma-Aldrich (Germany).

2.2. Methods

2.2.1. Preparation of Acid- and Alkali-Treated Kaolinite.
Activation was achieved by adding 10 g of kaolinite to
100mL 8M HCl or 100mL 5M KOH separately. -e
mixtures were incubated at room temperature for 6 h, with
constant shaking (300 rpm). -e suspension was filtered,
and the residue was washed with distilled water until neutral

and then dried in an oven at 103°C for 24 h. -is process was
repeated three times to optimize activation. -e final
products obtained are referred to as KA for HCl-treated
kaolinite and KB for KOH-treated kaolinite. -e untreated
sample is referred to as KN.

2.2.2. Characterization of the Adsorbent. X-ray diffraction
(XRD) patterns for the samples were obtained with a Bruker
X-ray diffractometer (CuKα, λ� 1.54 Å, step scan size of 0.02°
and a count time of 0.5 seconds, 25°C). Samples were prepared
by allowing the particles of kaolinite to settle in water to
obtain 2μm particles. -ey were then treated with ethylene
glycol and prepared as oriented mounts on a glass slide.

Fourier transform infrared spectroscopy (FT-IR) was
carried out on a Shimadzu FT-IR spectrophotometer, over
a spectral region of 400–4000 cm−1, with a resolution of
1 cm−1, and samples were evaluated in powder form mixed
with KBr powder.

-e BET surface area of the samples was determined by
the multipoint N2 adsorption-desorption method at the
temperature of liquid nitrogen (−196°C), with an ASAP 2010
(Micrometrics) instrument.

Changes in elemental composition after treatment were
assessed with an Edax Ametek high-resolution energy dis-
persive X-ray spectroscopy (EDS) detector.

2.2.3. Adsorption Experiment. Stock solutions of bixin
(20mg/L) were prepared in acetone and dimethyl carbonate
separately. Solutions of the required concentration (3–18mg/L)
were prepared by diluting the stock solution. Adsorbent
(0.05 g) was then added to 5mL bixin solution (3–18mg/L).
-e mixtures were incubated at room temperature (∼22°C),
with shaking at 300 rpm.-e samples were withdrawn after 4 h
(predetermined equilibrium time), and small aliquots of the
supernatant were removed and diluted to an appropriate
concentration if required. -e absorption spectrum was de-
termined immediately with a Shimadzu UV-1800 UV-Vis
spectrophotometer. -e bixin concentration of the solutions
was determined with a UV spectrophotometer calibrated at
457nm for acetone and 456nm for dimethyl carbonate [28].
For the contact time studies, the residual concentration of the
5mL bixin solution (±10mg/L) with kaolinite (0.1 g) was de-
termined at various time points, from 5 to 360min. -e ex-
periments were carried out in triplicate.

3. Results and Discussion

3.1. Characterization of Adsorbents. -e XRD patterns of
KN (Supporting Information Figure S1) showed two in-
tense diffraction reflections at 2θ values of 12.3 and 24.9°,
less intense reflections at 2θ values of 23.2 and 26.6°, and
a hump at 2θ values of 19.8–21.5°, associated with kaolinite
(PDF 00-058-2001).-e diffraction reflections of orthoclase
were found at 2θ values of 15.4, 21.0, 25.7, 27.5, and 30.1°
(PDF 00-022-1212), whereas the diffraction reflections of
muscovite were found at a 2θ value of 18.0° (PDF 00-058-
2036). After treatment with KOH, the reflection width and
intensity of kaolinite decreased at 2θ values of 12.3 and
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WT24.9°. -is decrease was attributed to a minor structural
disorder resulting from alkali treatment, which affects the
crystalline nature of the clay [32].

A diffractogram for KA showed no significant differ-
ence with respect to KN, but 2θ values of 15.4 and 30.1°
were unobservable, and the reflection increased at a 2θ of
12.3° (Figure 1). -is finding may reflect the greater re-
sistance to acid attack of the structure of kaolinite than
that of orthoclase. -e resistance of clay minerals to acid
attack depends strongly on their crystallinity, with more
regular crystals associated with greater resistance to acid
attack [33]. It may also be due to the elimination of mineral
impurities by acid leaching. -e higher peak intensity may
reflect the presence of larger crystallites or a decrease in
mean lattice strain [32, 34].

-e FT-IR spectra of KN, KA, and KB (Figure 2)
revealed bands at 3696, 3669, 3652, and 3619 cm−1 cor-
responding to the stretching of inner-surface hydroxyl
groups, at 3443 cm−1 corresponding to stretching of the
hydroxyl group of water, 1631 cm−1 corresponding to the
O–H deformation of water, 1114 cm−1 corresponding to
Si–O stretching (longitudinal mode), 1030 and 1006 cm−1
corresponding to in-plane Si–O stretching, 937 cm−1
corresponding to the OH deformation of inner-surface
hydroxyl groups, 911 cm−1 corresponding to Al–OH de-
formation, 794 cm−1 corresponding to Si–O vibration, 755
and 696 cm−1 corresponding to Si–O perpendicular vi-
brations, 536 cm−1 corresponding to Al–O–Si deformation,
468 cm−1 corresponding to Si–O–Si deformation, and
428 cm−1 corresponding to Si–O deformation [35, 36]. -e
FT-IR spectra patterns of KN, KA, and KB showed no
significant differences between kaolinite before and after
treatment, indicating an absence of significant change in

the kaolinite samples. Infrared absorption spectra, which
displayed a fairly sharp absorption band at wave numbers
around 911 cm−1 for both samples, showed an absence of
change in the composition of the octahedral Al atoms
following treatment with acid and alkali in the experi-
mental conditions used.

Changes in elemental composition were investigated
by EDS (Table 1). -e samples of kaolinite tested were
rich in silicon and aluminium. -eir composition in
terms of impurities, such as Na, Mg, K, and Fe, depended
on the type of reagent used. Si and Al contents only
slightly decreased after treatment. -is shows the re-
sistance of natural kaolinite minerals to acid and alkali
attack.
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-e results of nitrogen sorption isotherm analysis are

summarised in Table 2. -e surface area, pore volume, and
mean diameter of the untreated kaolinite sample were
7.65m2/g, 3.62 ×10−2 cm3/g, and 18.9 nm, respectively,
indicating that the porosity of the original kaolinite was
low. Pore volume and mean diameter increased after acid
treatment, possibly due to the dissolution of metal ions
present in the kaolinite and the rearrangement of its crystal
structure, as a result of a reaction between the acid and the
clay mineral. Treatment with 5M alkali at room temper-
ature has been shown to increase specific surface area but to
decrease total pore volume and mean diameter. Belver et al.
[21] reported an increase in specific surface area, pre-
sumably because of the disaggregation/separation of kao-
linite particles. -e decrease in specific surface area
observed for KA may be due to an increase in crystallinity,
as indicated by XRD.

3.2. Electronic Transition of Bixin. -e absorption spectrum
of the supernatant of bixin in acetone and dimethyl
carbonate was in the visible region, with peaks at 457 nm
and 456 nm, respectively (Figure 3), associated with the
0-1 vibration band position, consistent with the finding
of Rahmalia et al. [28]. After adsorption onto KA, the
maximum intensity (λmax) of the bixin spectrum was still
in the 0-1 band position. However, after adsorption onto
KN and KB, the maximum wavelength shifted to shorter
wavelengths, associated with a band position of 0–2 for
KN and of 0–3 for KB, and intensity decreased.
Schoonheydt and Johnston [37] reported that the ab-
sorption maxima of dye molecules in nonpolar solvents
adsorbed onto the surface of clay minerals could shift to
shorter wavelengths because the solvent-molecule in-
teraction was stronger in the ground state than in the
excited state. Yariv and Cross [38] suggested that the
absorption band of the adsorbed dye displayed a blue shift
due to interactions between the π-electrons of the dye and
the hybridised orbitals of the surface oxygen atoms,
leading to a stabilisation of the π-orbitals and a destabi-
lisation of the π∗-orbitals.

3.3. Effect of Contact Time. -e effects of contact time on the
amount of bixin adsorbed onto kaolinite were investigated
(Figure 4). Kaolinites adsorb bixin with different efficiencies,

and bixin was rapid and strong during the initial period of
contact, between 5 and 60 minutes. During this period, the
tendency towards adsorption was high, and the slope of the
adsorption curve was steep.-is early phase of steep increase
was followed by a phase of slow increase between 120 and
360 minutes. During this period, the slope of the adsorption
curve gradually flattened out, and the bixin adsorption
gradually decreased eventually reaching zero. -is corre-
sponded to equilibrium being reached due to the saturation
of adsorption sites.

-e single, smooth, and continuous nature of the curves
suggested that the bixin might cover the kaolinite as
a monolayer. -e percentage dye adsorption was highest on
KB, consistent with the BET specific surface area analysis,
which indicated that adsorption was most likely to occur on
the external surface of kaolinite. It took 180 minutes to reach
equilibrium for bixin in acetone with KN as the adsorbent
and 240 minutes for the same mixture but with KA or KB as
the adsorbent. It took 240 minutes to reach equilibrium for
bixin in dimethyl carbonate, with KN or KB as the adsor-
bent, and 300 minutes for the same mixture but with KA as
the adsorbent.-is phenomenon is influenced by the surface
properties of the adsorbent and the chemical and physical
constants of the solvents.

3.4. Effect of Initial Dye Concentration. -e effect of initial
dye concentration on equilibrium adsorption was in-
vestigated at different initial bixin concentrations. Initial
bixin concentration affected the amount of bixin adsorbed
at equilibrium (Figure 5). At low initial bixin concen-
trations, the adsorption capacity of KN, KA, and KB
increased with initial bixin concentration. It therefore
seems likely that an increase in adsorption with initial dye
concentration leads to an increase in mass gradient be-
tween the solution and adsorbent, thereby driving the
transfer of additional dye molecules from the bulk so-
lution to the particle surface [39].

3.5. Adsorption Isotherm. Adsorption properties and
equilibrium parameters, commonly known as adsorption
isotherms, describe the interaction of the adsorbate with
the adsorbents, improving understanding of the nature of
the interaction. Isotherms provide information about the
optimal use of adsorbents. When optimizing the design
of an adsorption system, it is essential to establish the
most appropriate correlation for the equilibrium curve.
Several isotherm equations are available for analysis of
experimental sorption equilibrium parameters. However,
Langmuir and Freundlich models are the most widely

Table 1: EDS analysis data.

Element
wt. %

KN KA KB
O 56.9 59.0 56.4
Na 0.42 0.37 0.33
Mg 0.15 0.06 0.37
Al 18.4 17.9 18.1
Si 23.1 21.3 22.7
K 0.79 0.55 0.93
Fe 0.22 0.34 0.33
Si/Al 1.26 1.19 1.25

Table 2: Nitrogen sorption isotherm data.

Sample BET specific surface
area, as BET (m2g−1)

Total pore
volume

(10−2 cm3g−1)

Mean pore
diameter, dp (nm)

KN 7.65 3.62 18.9
KA 7.28 3.74 20.6
KB 8.16 2.85 14.0
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used type of isotherm [15, 23–25, 33, 40]. -ese models
were used to explain the interaction between bixin and
kaolinite in this study. -ey are the best models for
explaining adsorption trends and are based on the ra-
tionale that the adsorbents become saturated with ad-
sorbate after sufficiently long contact times.

-e Freundlich isotherm describes the nonspecific ad-
sorption of a heterogeneous system and reversible adsorp-
tion. -e linear form of the Freundlich equation (1) is
expressed as follows [41]:

log qe � log KF +
1
n
log Ce, (1)

where 1/n is a combined measurement of the relative
magnitude and diversity of energies associated with a par-
ticular sorption process.

In the Langmuir model, the mass of solute adsorbed
per unit mass of adsorbent increases linearly with solute
concentration at low surface coverage, approaching an
asymptote as the adsorption sites become saturated.
Equation (2) is based on three important assumptions:
(1) the energy of adsorption is identical for all sites and is
independent of surface coverage, (2) adsorption occurs
only at localised sites, with no interaction between ad-
joining adsorbed molecules, and (3) the sorption maximum
represents monolayer coverage. -e linear form of the
Langmuir equation (2) can be expressed as follows [42]:

Ce

qe

�
1

KL · qm

+
1

qm

 Ce. (2)

We calculated the values of the parameters of the
Freundlich and Langmuir model (Table 3). -e equilib-
rium data were not consistent with the Freundlich
equation for all adsorbents, in either of the two solvents.
-e poor fit of this model was demonstrated by the very
low correlation coefficient (r2 < 0.95). -e values of
1/n < 1 indicates a nonlinear adsorption of the Freundlich
model and corresponds to a Langmuir-type isotherm
curve, in which marginal sorption energy decreases with
increasing surface concentration. -e Langmuir equation

gave a better fit, with r2 > 0.95, indicating a homogeneous
active site and the coverage of the adsorbent surface with
a monolayer of bixin. Based on qm values, bixin ad-
sorption to KB was more favourable than its adsorption to
KA and KN.

-e adsorption capacity of the adsorbents appeared to
increase with specific surface area. -e capacity of bixin to
adsorb to adsorbents may reflect the extent to which the
kaolinite was able to swell. -e physical swelling of
the kaolinite probably depended on the bulk properties of
the intervening solvent molecules. In nonpolar solvents,
increase in dielectric constant function (R(ε)) is associated
with decreases in the volume of the kaolinite, due to
lower levels of physical swelling [43]. Adsorption ca-
pacity was therefore greater when dimethyl carbonate
(R(ε) � 0.412) was used as a solvent, because this solvent
has lower dielectric constants than acetone (R(ε) � 0.872).
-e dimethyl carbonate also has several conformations
(at least 3) against acetone which has only one confor-
mation (Figure 6), causing the possibility of DMC
molecules in the highly aggregated solvate. Two structure
conformations of DMC (Figure 6b) are favourable be-
tween DMC and KB which oxygen of DMC interact with
metal atom of Si and Al of KB [44–46].

3.6. Adsorption Kinetics. Lagergren’s pseudo-first order and
pseudo-second order models were used to investigate the
dynamics of bixin adsorption onto kaolinite. -e pseudo-
first order model assumes that the rate of change of solute
uptake over time is directly proportional to the difference in
saturation concentration and the amount of solid uptake
over time. In most cases, the adsorption reaction involves
diffusion across a boundary (3) [47]. -e adsorption process
with chemisorptions controls the rate, according to the
pseudo-second order model (4) [48].

log qe − qt(  � log qe − k1 ·
t

(2.303)
, (3)

t

qt

�
1

k2q
2
e( 

+
1
qe

  · t. (4)
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Figure 3: Absorption spectra of bixin in acetone (a) and dimethyl carbonate (b) before adsorption (I) and supernatant solution of bixin after
adsorption on KN (III), KA (II), and KB (IV).
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k1 and k2 were calculated from the intercept of the

corresponding plots of log (qe–qt) against t and t/qt against t.
-ey are shown in Table 4, along with the values for the
correlation coefficients, qe1 and qe2 (calc.) and qe (exp.). -e
correlation coefficient values for the pseudo-second order
rate equation were higher than those for the pseudo-first
order rate equation (Table 4). -e r2 values for the plots were
in the range 0.65–0.97 after application of the pseudo-first
order model, but the calculated qe1 values obtained with this
model did not give reasonable values because they were
lower than the experimental qe values. -e qe2 and qe values
were very similar for the pseudo-second order model.

-e adsorption process on all adsorbents in both solvents
was found to follow the pseudo-second order kinetic model.
-ese results suggest that chemisorption predominated in
the adsorption occurring in this work [17]. -e best results
were obtained for KOH-treated kaolinite. Adsorption ki-
netics was faster with acetone (k2 � 3.27) than with dimethyl
carbonate (k2 �1.08) as the solvent. -e smaller size of ac-
etone molecules than of dimethyl carbonate molecules and
the lower viscosity of acetone (0.295 cP) than of dimethyl
carbonate (0.585 cP) may facilitate the diffusion of bixin into
the interlayer region of kaolinite.

3.7. Mechanism of Bixin-Kaolinite Adsorption. -e FT-IR
spectra of bixin dye and of bixin-KB following adsorption
for different times were obtained (Figure 7).-e spectrum of
bixin dye may be assigned as follows: the –O–H stretching
vibration at 3420 cm−1, the H–C–H bending vibration at
2957, 2917, and 2850 cm−1, the C�O ester group at 1731 cm−1,
the O–H bending vibration at 1620 cm−1, the alkene C�C
stretching at 1469 cm−1, C–H bending of the methyl groups
at 1378, C�O stretching at 1220 cm−1, symmetric and
asymmetric vibrations of the C–O–C ester group at
1180 cm−1, and the methylene rocking vibration of cis-
carotenoid at 720 cm−1 [49].

Figure 7 shows significant frequencymodifications of the
absorption bands from bixin in low frequency areas between
3400 and 3700 cm−1 and in high frequency areas between
1600 and 1750 cm−1. Functional groups COOH and COOR
from bixin strongly absorb at strong basic and reducing sites
of KN through electrostatic interactions. -e frequency of
bands at 3420 cm−1 disappears in favour of frequency of
bands at 3619 cm−1. -e same phenomenon was observed in
high frequency areas; the frequency of bands at 1731 cm−1
disappears in favour of frequency of bands at 1620 cm−1.-is
indicated strong interactions between two types of metal
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Figure 4: Effect of contact time on adsorption of bixin using KN (◇), KA (□), and KB (○) in acetone (a) and dimethyl carbonate (b).
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Figure 5: Effect of initial dye concentration on adsorption of bixin using KN (◇), KA (□), and KB (○) in acetone (a) and dimethyl
carbonate (b).
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carboxylate groups, which result from a part of the in-
teraction between the carboxylic group of the bixin and the
other part of the carboxyester group of bixin, respectively,
with Si and Al.

4. Conclusion

-e adsorption characteristics of bixin onto kaolinite, es-
pecially for constructing photofunctional materials based on

kaolinite-bixin organoclay, have been investigated. -is
adsorption is more dependent on the specific surface area
of the adsorbent. -e adsorption capacity of the kaolinite
was considerably improved by an increase in the surface
specific area. Alkali treatment (BET specific surface area�

8.16m2g−1) was therefore more suitable than acid treatment
for increasing the capacity of kaolinite to adsorb organic
molecules, such as bixin. Selection of the most appropriate
aprotic solvent also increased the efficiency of bixin ab-
sorption onto kaolinite. Based on UV-visible spectroscopy
data, the solvent-molecule interaction was stronger in the
ground state than in the excited state. -e adsorption iso-
therm was of the Langmuir-type and was higher in acetone
than in dimethyl carbonate. Dye adsorption followed pseudo-
second order kinetics and was faster in dimethyl carbonate
complex solvate than in acetone. Adsorption in this system
appears to be mostly due to chemisorption mediated by the
electrostatic interaction of bixin with the strong basic and
reducing sites of kaolinite. Finally, dimethyl carbonate has
potential as a good solvent with no compound organic volatile
for increasing bixin adsorption onto kaolinite.

Nomenclature and Units

qe: Amount of dye adsorbed per unit of adsorbent at
equilibrium (mg/g)
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Figure 6: Structure conformations of acetone (a) and dimethyl carbonate (b).

Table 3: Adsorption isotherm parameters for the adsorption of bixin on kaolinite.

Solvent Adsorbent
Freundlich Langmuir

KF 1/n r2 KL qm r2

Acetone
KN 0.13 0.25 0.7043 1.16 0.24 0.9747
KA 0.14 0.17 0.7107 1.22 0.22 0.9691
KB 0.23 0.10 0.6005 4.00 0.29 0.9893

Dimethyl
carbonate

KN 0.14 0.10 0.5600 2.03 0.18 0.9915
KA 0.11 0.19 0.8362 0.48 0.21 0.9807
KB 0.32 0.14 0.5701 5.00 0.43 0.9927

Table 4: Adsorption kinetics parameters for the adsorption of bixin on kaolinite.

Solvent Adsorbent qe exp
Pseudo-first order Pseudo-second order

qe1 k1 (10−2) r2 qe2 h (10−2) k2 r2

Acetone
KN 0.25 0.21 2.53 0.9697 0.26 2.07 0.32 0.9951
KA 0.21 0.16 1.17 0.8969 0.21 1.07 0.25 0.9823
KB 0.35 0.09 1.70 0.6928 0.33 35.7 3.27 0.9956

Dimethyl carbonate
KN 0.29 0.20 1.77 0.9300 0.28 2.84 0.35 0.9947
KA 0.25 0.15 1.77 0.9549 0.24 4.05 0.68 0.9962
KB 0.45 0.12 1.31 0.6456 0.44 20.5 1.08 0.9991
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Figure 7: FT-IR spectra of bixin dye and bixin-KB obtained from
the processes of adsorption in different times.
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Co: Initial concentration of the dye solution (mg/L)
Ce: Concentration of the dye solution at adsorption

equilibrium (mg/L)
KF: Freundlich adsorption isotherm constant (mg1-1/nL1/ng)
N: Freundlich adsorption isotherm constant
KL: Langmuir constant (L/mg)
qm: Maximum adsorption resulting in monolayer

coverage on the adsorbent surface (mg/g)
qt: Amount of dye adsorbed per unit mass adsorbent at

any time t (mg/g)
k1: Pseudo-first order adsorption rate constant (1/min)
k2: Pseudo-second order adsorption rate constant

(g/mg·min)
H: Initial adsorption rate at any time approaching

0 (mg/g·min)
R (ε): Dielectric constant function.
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Four Zn(II) complexes containing a pyridyl triazine core (L1�3-(2-pyridyl)-5,6-di(2-furyl)-1,2,4-triazine-5′,5″-disulfonic acid
disodium salt and L2� 3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4′,4″-disulfonic acid sodium salt) were synthesized, and their
chemical formulas were finalized as [Zn(L1)Cl2]·5H2O·ZnCl2 (1), [Zn(L1)2Cl2]·4H2O·2CH3OH (2), [Zn(L2)Cl2]·3H2O·CH3OH
(3), and [Zn(L2)2Cl2] (4). The synthesized complexes are water soluble, making them good candidates for biological applications.
All four complexes have been characterized by elemental analysis and 1H NMR, IR, and UV-Vis spectroscopy. �e IR stretching
frequency of N�N and C�N bonds of complexes 1–4 have shifted to lower frequencies in comparison with free ligands, and
a bathochromic shift was observed in UV-Vis spectra of all four complexes. The binding studies of ligands and complexes 1–4with
bovine serum albumin (BSA) resulted binding constants (Kb) of 3.09×104M−1, 12.30×104M−1, and 16.84×104M−1 for ferene,
complex 1, and complex 2, respectively, indicating potent serum distribution via albumins.

1. Introduction

�e potential use of zinc complexes as antidiabetic insulin
mimetics [1], antimicrobial [2], and anticancer agents [3]
have garnered a renewed interest in such complexes
among other applications, such as serving as tumor photo
sensitizers [4], radioprotective agents [5], and antidandruff
agents (Zn pyrithione-ZPT) [6]. Our interest in sulfa drug
moieties has been fueled by the fact that they possess
a wide range of pharmaceutical applications [7]. Of par-
ticular interest are 1,2,4-triazine derivatives because they
have been reported to possess many biological activities
such as kinase inhibition [8], antihypertensivity [9], an-
timicrobial [10], anticancer [11], anti-HIV [12, 13], and
anti-inflammatory activities [8].

Novel polyanionic sulfonated aromatic synthetic plati-
num chelates were preliminarily evaluated for their HIV-1
virucidal activity, due to the presence of sulfonated aromatic
groups and metals in the most active members [14, 15].
Furthermore, we recently reported that rhenium tricarbonyl

complexes of ferene and ferrozine have exhibited the po-
tential to be used as biological imaging agents [16].
(Chemical structures of ferene and ferrozine are illustrated
in Figure 1.) However, to the best of our knowledge, no
reports exist of zinc complexes of sulfonated 1,2,4-triazine
derivatives.

It is noteworthy that although zinc complexes bearing
the 5,6-diphenyl-3, 2-pyridyl-1 2,4-triazine ligand were
first synthesized more than a decade ago [17, 18], biological
studies have been reported for only one such complex,
albeit only recently [19]. �erefore, our goal has been to
synthesize zinc complexes bearing sulfonated pyridyl tri-
azine derivatives and to assess their interaction with bi-
ological targets.

Being the most abundant protein in blood, serum al-
bumin maintains the colloid osmotic pressure, while playing
a major role in transport and sustained release of many
biomolecules such as steroids, fatty acids, and hormones.
Serum albumin also serves as a carrier protein for drug
molecules [20]. Small molecule interaction with serum
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albumin is thus exploited in pharmaceutical research, where
affinity to albumins is indicative of drugs with high serum
distribution [21]. �rough the interaction between bovine
serum albumin (BSA), an analog of human serum albumin,

and the novel compounds, we seek to investigate their
pharmacokinetic associations.

�us, we report here the synthesis and characterization
of four novel metal complexes of the type MLnCl2 (Figure 2)
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Figure 1: Chemical structures of 3-(2-pyridyl)-5,6-di(2-furyl)-1,2,4-triazine-5′,5″-disulfonic acid disodium salt (ferene: L1) (left) and
3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4′,4″-disulfonic acid sodium salt (ferrozine: L2) (right).
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(where M�Zn2+, L� 3-(2-pyridyl)-5,6-di(2-furyl)-1,2,4-triazine-
5′,5″-disulfonic acid disodium salt/3-(2-pyridyl)-5,6-diphenyl-
1,2,4-triazine-4′,4″-disulfonic acid sodium salt and n� 1/2) and
their BSA-binding studies.

2. Experimental

2.1. Materials and Methods. All chemicals (zinc chloride (3-
(2-pyridyl)-5,6-di(2-furyl)-1,2,4-triazine-5′,5″-disulfonic acid
disodium salt (ferene/L1) and 3-(2-pyridyl)-5,6-diphenyl-
1,2,4-triazine-4′,4″-disulfonic acid sodium salt (ferrozine/L2)),
methanol, diethyl ether, ethanol, bovine serum albumin (BSA),
tris-HCl buffer (tris(hydroxymethyl)-aminomethane), sodium
chloride (NaCl), and analytical grade water) were obtained
from Sigma-Aldrich. All the solvents and chemicals were of
analytical grade and were used as received, without further
purification.

2.2. NMRMeasurements. 1H NMR spectra were recorded in
D2O on a Bruker 400MHz spectrometer. Peak positions are
relative to tetramethylsilane (TMS) as reference. All NMR
data were processed with TopSpin 3.2 andMestre-C software.

2.3. Elemental Analysis. CHNS elemental analysis was
performed by PerkinElmer 2400 Series II CHNS/O Ele-
mental analyzer at Atlantic Microlab, USA.

2.4. Melting Point Determination. Melting points were
manually determined in open capillaries.

2.5. UV-Visible Spectroscopy. Electronic spectra for ligand
and metal complex were obtained on Spectro UV-Vis auto
version 3.10, UV-2602 spectrophotometer. �e spectral
range was 200–800 nm. Spectra were obtained in methanol
with baseline correction. Spectral data were processed with
UV WIN software.

2.6. FTIRAnalysis. FTIR spectra were recorded on a�ermo
Scientific NICOLET iS10 spectrophotometer. ATR spectra
were obtained within the 4000–600 cm−1 spectral range.
Spectral data were processed with OMNIC software.

2.6.1. Preparation of [Zn(L1)Cl2]·5H2O·ZnCl2 (1). A solution
of ferene (0.1mmol, 0.0494 g) in methanol (4.0 cm3) was
added to zinc chloride (0.1mmol, 0.0140 g) in methanol
(1.0 cm3). �en, the resulting mixture was stirred for 3 hours at
60–70°C [1]. �e yellow precipitate which was obtained was
collected by filtration, washed with ethanol and diethyl ether,
and dried. C16H8Cl2N4Na2O8S2Zn·5H2O·ZnCl2, yield 0.0517 g,
78%. Anal. calc. for C16H8Cl2N4Na2O8S2Zn·5H2O·ZnCl2: C,
22.54; H, 1.92; N, 6.68; S, 7.64. Found: C, 22.13; H, 1.89; N, 6.57;
S, 7.70%; melting point: >315°C; UV-Vis (MeoH) (λmax (nm)
(εM−1·cm−1)): 210, 242, 331, 364; FTIR (ATR) (cm−1): 1504
(υ(N�N)),1582 (υ(C�N)); 1H NMR (D2O, δ ppm) 8.87 (d, H6),
8.79 (d,H3), 8.28 (t, H4), 7.87 (t, H5), 7.09–7.46 (m, 4H, furylH).

2.6.2. Preparation of [Zn(L1)2Cl2]·4H2O·2CH3OH (2). A
solution of ferene (0.2mmol, 0.0988 g) in methanol (4.0 cm3)
was added to zinc chloride (0.1mmol, 0.0140 g) in methanol
(1.0 cm3) [2].�en, the resulting mixture was stirred for 6 hours
at 60–70°C. �e yellow precipitate which was obtained was
collected by filtration, washed with ethanol and diethyl
ether, and dried. C32H16Cl2N8Na4O16S4Zn·4H2O·2CH3OH,
yield 0.0689g, 61% based on zinc chloride. Anal. calc. for
C32H16Cl2N8Na4O16S4Zn·4H2O·2CH3OH: C, 32.38; H, 2.56; N,
9.26; S, 10.57. Found: C, 32.5; H, 2.67; N, 9.63; S, 10.83%;melting
point: >315°C; UV-Vis (MeoH) (λmax (nm) (εM−1·cm−1)): 209,
244, 337, 370; FTIR (ATR) (cm−1): 1511 (υ(N�N)),1586
(υ(C�N)); 1H NMR (D2O, δ ppm) 8.86 (d, H6), 8.76 (d, H3),
8.27 (t, H4), 7.84 (t, H5), 7.15–7.41 (m, 8H, furyl H).

2.6.3. Preparation of [Zn(L2)Cl2]·3H2O·CH3OH (3). A so-
lution of ferrozine (0.1mmol, 0.0492 g) in methanol (4.0 cm3)
was added to zinc chloride (0.1mmol, 0.0140 g) in methanol
(1.0 cm3) [3].�en, the resultingmixture was stirred for 3 hours
at 60–70°C. �e light yellow precipitate which was obtained
was collected by filtration, washed with ethanol and diethyl
ether, and dried. C20H13Cl2N4NaO6S2Zn·3H2O·CH3OH,
yield 0.0433 g, 69% based on zinc chloride. Anal. calc. for
C20H13Cl2N4NaO6S2Zn·3H2O·CH3OH: C, 35.28; H, 4.24; N,
7.84; S, 8.97. Found: C, 35.27; H, 4.36; N, 7.89; S, 9.13%;melting
point: >315°C; UV-Vis (MeoH) (λmax (nm) (εM−1·cm−1)): 208,
240, 291, 323; FTIR (ATR) (cm−1): 1497 (υ(N�N)), 1599
(υ(C�N)); 1H NMR (D2O, δ ppm) 8.86 (d, H6), 8.76 (d, H3),
8.27 (t, H4), 7.84 (t, H5), 7.46–8.28 (m, 8H, phenyl H).

2.6.4. Preparation of [Zn(L2)2Cl2]·5H2O·CH3OH (4). A so-
lution of ferrozine (0.2mmol, 0.0984 g) in methanol (4.0 cm3)
was added to zinc chloride (0.1mmol, 0.0140 g) in methanol
(1.0 cm3) [4].�en, the resultingmixture was stirred for 6 hours
at 60–70°C. �e light yellow precipitate which was obtained
was collected by filtration, washed with ethanol and diethyl
ether, and dried. C41H40Cl2N8Na2O18S4Zn·5H2O·CH3OH,
yield: 0.0579 g, 52% based on zinc chloride. Anal. calc. for
C41H40Cl2N8Na2O18S4Zn·5H2O·CH3OH: C, 39.59; H, 3.24; N,
9.01; S, 10.32. Found: C, 38.93; H, 3.04; N, 8.84; S, 10.67%;
melting point: >315°C; UV-Vis (MeoH) (λmax (nm)
(εM−1·cm−1)): 216, 242, 298, 336; FTIR (ATR) (cm−1): 1498
(υ(N�N)), 1596 (υ(C�N)); 1H NMR (D2O, δ ppm) 9.05
(d, H6), 8.99 (d, H3), 8.67 (t, H4), 8.67 (t, H5), 7.50–8.31
(m, 16H, phenyl H).

2.7. BSA-Binding Assay. A 6 µM BSA solution was prepared
in a buffer containing 5mM tris-HCl/50mM NaCl by
continuous stirring for 1 hr at room temperature. A
1×10−3M stock solution of complexes and ligand was
prepared in distilled water.

Absorption titration was carried out by keeping BSA
concentration constant (6 µM) and varying the concentra-
tions of the complexes and ligand (010 µM). After 10min
incubation at room temperature, absorbance was measured
for each solution in the range of 250–300 nm wavelengths,
and λmax was recorded at 280 nm. �en, the change of λmax

81Synthesis, Characterization, and BSA-Binding Studies of Novel Sulfonated Zinc-Triazine Complexes

__________________________ WORLD TECHNOLOGIES __________________________



WTwas recorded for each solution. All absorbance measure-
ments were triplicated and corrected for background ab-
sorbance by the compounds. �e plot of 1/(A−A0) (where
A0 is the initial absorbance of the free BSA at 280 nm andA is
the absorbance of BSA in the presence of different con-
centrations of the complex) versus 1/[complex] is a linear
curve, and the binding constant (Kb) can be obtained from
the ratio of the intercept to slope [19].

3. Results and Discussion

3.1. Synthesis. In order to synthesize the metal complexes,
zinc chloride and the relevant ligands in 1 :1 and 1 : 2 ratios
were used (Figure 2).

3.2. UV-Visible Spectroscopy. UV-visible spectra of ligands
and complexes 1–4 recorded in methanol showed significant
differences between the absorption peaks of ligands and
their complexes (Table 1, Figures S1 and S2, Supporting
Information). Since both ligands bear conjugated systems,
π–π∗ transition is possible. In all four complexes, the
wavelengths have shifted towards the longer wavelength
range (bathochromic shift) because of changes in the con-
jugated electron system due to formation of metal ligand
bonds. �ese observations are in agreement with previously
reported zinc pyridyl triazine derivatives [18] and copper
pyridyl triazine derivatives [22], upon coordination of ligand
to metal.

3.3. 1H NMR Analysis. Complexes 1–4 were characterized
using 1H NMR spectroscopy in D2O. All the peaks were

assigned in comparison with related structures of both li-
gands (Figures 3 and 4).

�e splitting pattern of the free ferene ligand can be
observed for complexes 1 and 2. However, due to the do-
nation of electrons from the nitrogen in pyridine and tri-
azine rings to the metal, the electron density of the ferene
ligand is reduced, and thus protons of the metal complex
should appear more downfield than the ferene ligand.
Furthermore, the downfield shift, which will hence be
denoted as ∆δ, of the H6 signal is expected to be higher than
that of other protons because it is closer to the pyridine N. In
uncoordinated ferene ligand (L1), the pyridyl H6 signal
(8.74 ppm, Table 2) is its most downfield doublet consistent

Table 1: Comparison of UV-Vis data of ferene, ferrozine, and complexes 1–4.

λZn2+ (nm) λferene (nm) λcomplex 1 (nm) λcomplex 2 (nm) λferrozine (nm) λcomplex 3 (nm) λcomplex 4 (nm)
207 209 210 209 211 208 216
222 243 242 244 236 240 242
— 306 331 337 285 291 298
— 339 364 370 310 323 336

H6′

H6′

H3′

H3′ H4′ H5′

H6′ H3′ H4′ H5′

H5′H4′

furyl protons

furyl protons

furyl protons

8.9 8.7 8.5 8.3 8.1 7.9 7.7 7.5 7.3 7.1 7.0
Chemical shift (ppm)

Figure 3: 1H NMR spectrum of ferene (bottom) and complexes 1 (middle) and 2 (top).

9.0 8.5 8.0 7.5
Chemical shi� (ppm)

Phenyl protons

Phenyl protons

Phenyl protons

H6′
H3′ H4′ H5′

H6′
H3′ H4′ H5′
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Figure 4: 1H NMR spectrum of ferrozine (bottom) and complexes
3 (middle) and 4 (top).
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with its close proximity to the pyridyl nitrogen atom. In
a spectrum of complex 1, the H6 signal appears further
downfield (8.87 ppm, Figure 3) confirming metal-pyridine N
bond formation. However, the observed change in shift of H6
was small in both 1 (∆δ; +0.13 ppm at 8.87 ppm) and 2
((∆δ; +0.12 ppm at 8.86ppm) in comparison with the change in
shift observed for the H3 proton (8.79 ppm and 8.76ppm),
which had the highest change in downfield shift ((∆δ; +0.25
and +0.22ppm, resp.). �e four doublets due to furyl ring
protons (7.00–7.34 ppm range) also appear more downfield
(7.15–7.45ppm) upon metal bonding. Higher downfield shifts
were observed forH3 versusH6 in 1HNMR spectra of Zn(dppt)
Cl2·0·5H2O and Zn(dppt)2Cl2·2H2O (dppt� 5, 6 diphenyl-3-
(2-pyridyl)-1,2,4- triazine) reported previously [18].

Although we expected similar observations for spectra of
complexes 3 and 4, unusual upfield shifts of the peaks at-
tributed to H6 (8.92 and 9.05ppm), H5 (7.98 and 8.21ppm), H4
(8.47 and 8.67ppm), and H3 (8.89 and 8.99ppm) (Figure 4)
were observed in complexes 3 and 4, respectively, in com-
parison with that of the uncoordinated ferrozine ligand
(H6: 9.15 ppm, H5: 8.27 ppm, H4: 8.81 ppm, and H3:
9.05 ppm). We attribute the observed upfield shift to
possible π stacking of phenyl rings. Upfield shifts due to π
stacking have been reported in previous studies on Zn(II)
with mono- and dianionic pyrrole-2-imine complexes and
zinc azadipyrromethene [23]. Although the 1H NMR spec-
trum of ferrozine/L2 is comparatively more complicated due
to the protons of the two phenyl rings, the pyridyl ring
protons can be easily distinguished (Figure 4). Upfield shifts
observed in complexes 3 and 4 were not observed in
complexes 1 and 2, which had furyl rings (Figure 3).

3.4. FTIR Analysis. Literature data have been used where
relevant to get assignment of ligands [18]. �e stretching
frequency (ѵ) of the N�N bond in the triazine ring and C�N
bond in the pyridine ring serves as important indicators of
the formation of new metal ligand bonds [18]. In all four
complexes, ]N�N and ]C�N have shifted to lower frequencies
(Table 3) due to the formation of new metal ligand bonds
which in turn lowers the strength of the N�N and C�N
bonds. �is observation allowed us to confirm that the
complex was formed via the donation of a lone pair of

electrons each, from the triazine ring and from the pyridine
ring, to zinc. For example, upon formation of complex 1,
]C�N (1590 cm−1) and ]N�N (1510 cm−1) appear at 1582 cm−1
and 1504 cm−1 (Table 3), respectively, due to the change in
chemical environment. FTIR spectra show broad peaks at
around 3400 cm−1 region due to OH vibration.

3.5. Elemental Analysis. Empirical formulas related to ex-
perimental values of the complexes (Experimental) give the
exact molecular formulas and experimental values are closer
to the expected values. Some deviate from the theoretical
values due to the residual solvent (methanol) and water
molecules.

Elemental analysis data suggest that complex 1 exists as
[Zn(L1)Cl2]·5H2O·ZnCl2. �e experimental data obtained
from elemental analysis show a significant decrease in the
carbon percentage of this complex than expected without the
extra zinc ion, prompting us to include an associated zinc
chloride molecule in 1. However, the exact binding mode or
type of the interaction of this extra ZnCl2 molecule with
ferene ligand cannot be explained with the obtained data.
Complexes 2–4 have no such discrepancy, and the molecular
formula were confirmed from elemental analysis to be
[Zn(L1)2Cl2]·4H2O·2CH3OH, [Zn(L2)Cl2]·3H2O·CH3OH,
and [Zn(L2)2Cl2]·5H2O·CH3OH, respectively.

3.6. BSA-Binding Assay. Anjomshoa and coworkers have
previously investigated bovine serum albumin- (BSA-)
binding properties of Zn(dppt)2Cl2·2H2O (dppt� 5,6-
diphenyl-3,2-pyridyl-1 2,4-triazine) [19], which required an
organic solvent such as dimethyl sulfoxide to be added to
increase solubility. However, complexes 1–4 reported in this
study are highly soluble in water which makes them com-
patible with biological systems.

Absorbance measurements at UV range are useful to
identify the conformational changes in proteins. BSA has
a maximum absorbance peak at 280 nm. Analyzing the
absorbance spectra of BSA upon addition of ferene, complex
1, and complex 2 (Figure 5) clearly shows that the peak
intensity at 280 nm increases upon addition of the com-
pounds, indicating association with BSA causes a change in
the polarity of the microenvironment of tryptophan and
tyrosine residues in a concentration dependent manner.

With increasing concentrations of ferene ligand and
complexes 1 and 2, the maximum absorbance was increased.
Using the graph of 1/(A−A0) against 1/[C], binding con-
stants were calculated (Figure 6) as 3.09×104M−1,

Table 2: Selected 1H NMR chemical shifts (ppm) of ferene, fer-
rozine, and complexes 1–4.

Proton no. H6 (d) H5 (t) H4 (t) H3 (d)
Ferene 8.74 7.67 8.10 8.54
Ferrozine 9.15 8.27 8.81 9.05
Complex 1 8.87 7.87 8.28 8.79
Complex 2 8.86 7.84 8.27 8.76
Complex 3 8.92 7.98 8.47 8.89
Complex 4 9.05 8.21 8.67 8.99
∆δ (ppm) of complex 1 (+) 0.13 (+) 0.20 (+) 0.18 (+) 0.25
∆δ (ppm) of complex 2 (+) 0.12 (+) 0.17 (+) 0.17 (+) 0.22
∆δ (ppm) of complex 3 (−) 0.23 (−) 0.29 (−) 0.34 (−) 0.16
∆δ (ppm) of complex 4 (−) 0.10 (−) 0.06 (−) 0.14 (−) 0.06

Table 3: FTIR data of complexes 1–4.

Ligand/complex ]C�N (cm−1) ]N�N (cm−1)
Ferene 1590 1510
Complex 1 1582 1504
Complex 2 1586 1511
Ferrozine 1608 1502
Complex 3 1599 1497
Complex 4 1596 1498
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12.30×104M−1, and 16.84×104M−1 for ferene, complex 1,
and complex 2, respectively. These values are within the
range of 104–106M−1 as expected from a good BSA carrier
activity in vivo [19]. Such changes upon BSA addition were
not observed in ferrozine and complexes 3 and 4.

4. Conclusions

In this study, we have described the synthesis and charac-
terization of four novel zinc complexes by spectroscopic
methods. According to the UV-Vis spectra, a bathochromic
shift has been observed for all four complexes. FTIR data
provide evidence that Zn-N bonds are formed via N atoms of
the triazine and pyridine rings. Accordingly, the stretching
frequency of N�N and C�N bonds of all four complexes
have shifted to the low frequency range in comparison with
the free ligands. Elemental analysis was used to determine
the empirical formula of complexes 1–4.

It is our belief that the sca�olds reported herein may
provide a novel platform for drug designing. We have
demonstrated that such systems possess high a�nity to

serum albumin, indicating their potential to be distributed in
serum [24]. Sulfonated groups have aided to increase water
solubility of the complexes, where aqueous solubility pre-
dicted by ChemAxon (https://disco.chemaxon.com) have also
supported that the new complexes are soluble in water under
biologically relevant pH ranges (data not shown). In vivo
testing is warranted to explore the implications of such
properties on cellular metabolism to delineate the function
of the novel triazine complexes in biological systems.
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The complexes cis-[Ru(quin)(dppm)2]PF6 and cis-[Ru(kynu)(dppm)2]PF6 (quin = quinaldate; kynu = kynurenate; dppm =
bis(diphenylphosphino)methane) were prepared and characterized by elemental analysis, electronic, FTIR, 1H, and 31P{1H} NMR
spectroscopies. Characterization data were consistent with a cis arrangement for the dppm ligands and a bidentate coordination
through carboxylate oxygens of the quin and kynu anions. These complexes were not able to intercalate CT-DNA as shown
by circular dichroism spectroscopy. On the other hand, bovine serum albumin (BSA) binding constants and thermodynamic
parameters suggest spontaneous interactions with this protein by hydrogen bonds and van der Waals forces. Cytotoxicity assays
were carried out on a panel of human cancer cell lines including HepG2, MCF-7, and MO59J and one normal cell line GM07492A.
In general, the new ruthenium(II) complexes displayed amoderate to high cytotoxicity in all the assayed cell lines with IC50 ranging
from 10.1 to 36 𝜇M and were more cytotoxic than the precursor cis-[RuCl2(dppm)2]. The cis-[Ru(quin)(dppm)2]PF6 were two to
three times more active than the reference metallodrug cisplatin in the MCF-7 and MO59J cell lines.

1. Introduction

The disseminated use of cisplatin and other platinum based
metallodrugs as chemotherapeutic agents against ovarian,
bladder, and testicular cancers, among others, is still a key
aspect for the development of the medicinal inorganic chem-
istry [1–4]. In the search for coordination compounds active
against tumors and less toxic than cisplatin, ruthenium com-
pounds emerge as themost promisingwith biological features
including mechanism of action, toxicity, and biodistribution
which are very different from those of classical platinum
compounds and might therefore be active against resistant
human cancers [3, 5–8]. In the last years three ruthenium(III)

complexes entered clinical trials: NAMI-A - [ImH][trans-
RuCl4(DMSO)(Im)], KP1019 - [InH][trans-RuCl4(In)2], and
NKP3019 - Na[trans-RuCl4(In)2] (In = indazole) [7, 9–12].
For recent developments on the anticancer activity of these
ruthenium(III) complexes see cited references.

Previous work from our group displayed biological
results from the diphosphonic ruthenium(II) precursors cis-
[RuCl2(P-P)2], P-P = dppm or dppe, and its derivatives with
2-pyridinecarboxylic acid anion (pic), the cis-[Ru(pic)(P-
P)2]PF6, with an -N,O chelation for the pic ligand [13, 14].
The antimycobacterial activity against MTB H37Rv indicated
a MIC value of 26.6 𝜇M for the precursor and a much
higher activity for the cis-[Ru(pic)(dppm)2]PF6 with a MIC
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value of 0.69 𝜇M [13]. Some additional studies performed
with the analogous cis-[Ru(pic)(dppe)2]PF6 revealed a high
antibacterial activity against S. aureus, C. albicans, and M.
smegmatis with MIC in the range 0.3 to 5.3 𝜇M [14]. In
the assay of acute oral toxicity this complex belongs to
class 5 (a substance with LD50 greater than 2000 and less
than 5000mg⋅kg−1 body weight), indicating a relatively low
acute toxicity [14]. Species containing bidentate carboxylates
such as cis-[Ru(dicl)(dppm)2]PF6, cis-[Ru(ibu)(dppm)2]PF6
and cis-[Ru(prop)(dppe)2]PF6 were studied and presented
moderate to high cytotoxic activity against human cancer cell
lines [15, 16].

Due to this background of promising biological results
in complexes containing the cis-[Ru(P-P)2] unit our current
strategy consists in evaluating other derivatives with different
chelating moiety replacing the chlorido ligands in the search
for new cytotoxic agents against tumor cells. In the current
work quinoline carboxylates were chosen as coligands in
order to generate cationic complexes and also to explore the
possible different coordination modes of the ligands.

In this work the synthesis and characterization of twonew
derivatives with formula cis-[Ru(quin)(dppm)2]PF6 (1) and
cis-[Ru(kynu)(dppm)2]PF6 (2) are reported. The interaction
of these complexes with CT-DNA and BSA was investigated
by circular dichroism (CD) and fluorescence spectroscopies,
respectively. Besides, preliminary in vitro tests of cytotoxic
activities against a variety of human cell lines are presented
and discussed.

2. Experimental

2.1. Chemicals. Solvents were purified by standard meth-
ods. All chemicals used were of reagent grade or comparable
purity. The RuCl3⋅3H2O and the ligands 1,1-bis(diphenyl-
phosphino)methane (dppm), quinaldic acid, and kynurenic
acid were used as received from Aldrich. The cis-
[RuCl2(dppm)2] precursor complex was prepared according
to the literature method [17].

2.2. Instrumentation. Elemental analyses were performed
on a Perkin Elmer 2400 Series II CHNS/O microanalyser.
Molar conductivities of freshly prepared 1.0 × 10−3mol⋅dm−3
methanol solutions were measured using a Digimed DM-31
conductivity meter. IR spectra were recorded on a Shimadzu
FTIR-Prestige 21 spectrophotometer, using KBr pellets. UV-
vis spectroscopy was recorded on a Femto model 800XI
spectrophotometer using cuvettes of 1 cm path length. 1H
and 31P{1H} NMR experiments were performed on a Bruker
Avance III HD 400MHz (9.4 T) at 298K. Spectra were
recorded in CDCl3 with TMS and 85%H3PO4 as external
references, respectively, for 1H and 31P{1H}.

2.3. Synthesis. The precursor cis-[RuCl2(dppm)2] (0.103mmol;
100mg) was solubilized in 100mL of methanol and the mix-
ture was heated during 20 minutes. Quinaldic acid
(0.103mmol; 17.8mg) or kynurenic acid (0.103mmol;
19.5mg), respectively, for synthesis of complexes 1 and 2, was
solubilized in 10mL of methanol and deprotonated with tri-
ethylamine (0.132mmol; 0.014ml) and this solution was

added dropwise on the precursor solution. After this
processes, the mixture was stirred and refluxed for 48 h. The
final solution was concentrated to ca. 5mL and an aqueous
solution of NH4PF6 (0.150mmol; 24.4mg) was added for the
precipitation of a yellow solid. The solid was filtered off and
washed with water (3 × 5mL) and diethyl ether (3 × 5mL)
and dried under reduced pressure.

2.3.1. cis-[Ru(quin)(dppm)2]PF6 (1). Yield: 79.1mg (63%).
Anal. Calcd for C60H50F6NO2P5Ru: exptl (calc) C, 60.97
(60.71); H, 4.93 (4.63); N, 1.10 (1.18). 1H NMR (CDCl3): 𝛿
4.11, 4.73 (m × 2, 2 × 2H; PCH2P), 6.26 (m, 4H; C6H5),
6.99–7.86 (m, 39H; C6H5 + quin), 7.91 (d, 𝐽HH = 8.1Hz,
1H; quin), 8.22 (d, 𝐽HH = 8.5Hz, 1H; quin), 8.31 (d, 𝐽HH =
8.5Hz, 1H; quin) ppm. 31P{1H} NMR (161.73 MHz - CDCl3):
𝛿 9.70 (t, 2P, 𝐽PP = 39Hz); –12.2 (t, 2P, 𝐽PP = 39Hz); –144.7
(sept, 1P, 𝐽PF = 711Hz). UV-vis (CH2Cl2, 5.0 × 10

–5M): 𝜆/nm
(𝜀/M–1 cm–1) 256sh (4.33 × 104), 325 (8.00 × 103). Molar
conductivity [ΛM/(S⋅cm

2⋅mol–1) inmethanol: 79.0 (range for
a 1 : 1 electrolyte: 80–115) [18].

2.3.2. cis-[Ru(kynu)(dppm)2]PF6 (2). Yield: 73.0mg (57%).
Anal. Calcd for C60H50F6NO3P5Ru: exptl (calc) C, 59.87
(59.91); H, 4.68 (4.39); N, 1.14 (1.16). 1HNMR (CDCl3): 𝛿 4.14,
4.73 (m × 2, 2 × 2H; PCH2P), 6.26 (m, 4H; C6H5), 6.80 (s, 1H;
kynu), 6.96–7.77 (m, 39H;C6H5 +kynu), 8.37 (d, 𝐽HH =7.7Hz,
1H; kynu), 8.62 (s, 1H;OH-kynu) ppm. 31P{1H}NMR (CDCl3
- 161.73MHz): 𝛿 (ppm) 9.94 (t, 2P, 𝐽PP = 39Hz); –12.1 (t, 2P, 𝐽PP
= 39Hz); –144.7 (sept, 1P, 𝐽PF = 711Hz). UV-vis (CH2Cl2, 5.0
× 10–5M): 𝜆/nm (𝜀/M–1 cm–1) 249sh (3.11 × 104), 315sh (5.22
× 103), 329 (7.10 × 103), 344 (7.4 × 103), 363 (4.01 × 103). Molar
conductivity [ΛM/(S⋅cm

2⋅mol–1) in methanol: 102.0.

2.4. Interactions Studies

2.4.1. CT-DNA. Measurements involving CT-DNA (calf thy-
mus from Sigma-Aldrich) were carried out in a Trizma
buffer (4.5mMTrizmaHCl, 0.5mMTrizma base, and 50mM
NaCl, pH 7.4). The DNA concentration per nucleotide was
determined by absorption spectrophotometric analysis using
a molar absorption coefficient of 6600.0mol–1⋅L⋅cm–1 at
260.0 nm [19].

2.4.2. Circular Dichroism (CD) Experiments. CD spec-
tra were recorded on a spectropolarimeter JASCO J-720
between 540 and 240 nm in a continuous scanning mode
(200 nm⋅min−1). The final data are expressed in molar ellip-
ticity (millidegrees). All of the CD spectra were generated
and represented averages of three scans. Stock solutions of
each complex were freshly prepared in DMSO prior to use.
An appropriate volume of each solution was added to the
samples of a freshly prepared solution of CT-DNA (50 𝜇M)
in Trizma buffer to achieve molar ratios ranging from 0.05 to
0.5DNA⋅drug−1.The samples were incubated at 37∘C for 18 h.

2.4.3. BSA-Binding Experiments. The protein interaction
with complexes 1 and 2 was examined in 96-well plates used
for fluorescence assays on a fluorimeter Synergy H1. BSA
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(2.0 𝜇mol⋅L−1) was prepared in Trizma buffer at pH = 7.4
(4.5mMTrizmaHCl, 0.5mMTrizma base and 50mMNaCl).

The inner-filter effect for ruthenium complexes was
corrected by using

𝐹corr = 𝐹obs𝑒
(𝐴em+𝐴ex)/2, (1)

where 𝐹corr and 𝐹obs are the corrected and measured fluores-
cence intensity of protein, respectively. 𝐴em and 𝐴ex are the
absorption values of the system at the excitation wavelength
and emission wavelength of the complex, respectively.

Complexes were dissolved in sterile DMSO. For fluo-
rescence measurements, the BSA concentration was kept
constant in all samples, while the complex concentration
was increased from 3.125 to 150 𝜇M, and quenching of the
emission intensity of the tryptophan residues of BSA at
320 nm (excitation wavelength 280 nm) was monitored at
different temperatures (300 and 310K).The experiments were
carried out in triplicate and analyzed using the classical Stern-
Volmer equation

𝐹0
𝐹
= 1 + 𝑘𝑞𝜏𝑜 [𝑄] = 1 + 𝐾sv [𝑄] , (2)

where 𝐹0 and 𝐹 are the fluorescence intensities in the absence
and presence of quencher, respectively, [𝑄] is the quencher
concentration, and 𝐾sv is the Stern-Volmer quenching con-
stant, which can be written as

𝐾𝑞 =
𝐾sv
𝜏𝑜
, (3)

where 𝐾𝑞 is the biomolecular quenching rate constant and
𝜏𝑜 is the average lifetime of the fluorophore in the absence
of quencher (6.2 × 10−9 s) [20]. Therefore, (2) was applied to
determine 𝐾sv by linear regression of a plot of 𝐹0/𝐹 versus
[𝑄].

The binding constant (𝐾𝑏) and number of complexes
bound to BSA (𝑛) were determined by plotting the double log
graph of the fluorescence data using

log
(𝐹0 − 𝐹)

𝐹
= log𝐾𝑏 + 𝑛 log [Q] . (4)

The thermodynamic parameters were calculated from the
van’t Hoff equation:

ln𝐾𝑏 =
Δ𝐻∘

𝑅𝑇
+
Δ𝑆∘

𝑅
, (5)

where 𝐾𝑏 is analogous to the Stern-Volmer quenching con-
stant, 𝐾sv is at the corresponding temperature (the temper-
atures used were 300 and 310K), and 𝑅 is the gas constant,
fromwhich theΔ𝐻 andΔ𝑆 of the reaction can be determined
from the linear relationship between ln𝐾𝑏 and the reciprocal
absolute temperature. Furthermore, the change in free energy
(Δ𝐺) was calculated from the following equation:

Δ𝐺∘ = −𝑅𝑇 ln𝐾𝑏 = Δ𝐻
∘ − 𝑇Δ𝑆∘. (6)

2.5. Human Cell Lines and Culture Conditions. Cells from
the 4th through to the 12th passage were used. The different
cell lines were maintained as monolayers in plastic cul-
ture flasks (25 cm2) containing HAM-F10 plus DMEM (1 : 1;
Sigma-Aldrich) or only DMEM depending on the cell line,
supplemented with 10% fetal bovine serum (Nutricell) and
2.38mg⋅mL–1 Hepes (Sigma-Aldrich) at 37∘C in a humidified
5%CO2 atmosphere. Antibiotics (0.01mg⋅mL–1 streptomycin
and 0.005mg⋅mL–1 penicillin; Sigma-Aldrich) were added to
the medium to prevent bacterial growth.

2.6. Cell Viability Assay. The screening for cytotoxic activity
of cell lines was assessed using the Colorimetric Assay
In Vitro Toxicology-XTT Kit (Roche Diagnostics). For the
experiments, 1 × 104 cells were seeded into microplates
with 100 𝜇L of culture medium (1 : 1 HAM F10 + DMEM or
alone DMEM) supplemented with 10% fetal bovine serum
containing concentrations of complexes ranging from 12.5
to 1600 𝜇g⋅mL−1. Negative (no treatment), solvent (0.02%
DMSO), and positive (25% DMSO) controls were included.
Positive controls comprising cisplatin (Sigma-Aldrich, ≥98%
purity) were included. After incubation to 36.5∘C for 24 h,
the culture medium was removed. Cells were washed with
100 𝜇L of PBS for removal of the treatments, after which
they were exposed to 100 𝜇L of culture medium HAM-F10
without phenol red. Then, 25𝜇L of XTT was added and
incubated at 36.5∘C for 17 h. The absorbance of the samples
was determined using a multiplate reader (ELISA-Tecan-SW
Magellan versus 5.03 STD 2P) at a wavelength of 450 nm and
a reference length of 620 nm.

2.7. Statistical Analysis. Cytotoxicity was assessed using the
IC50 response parameter (50% cell growth inhibition) calcu-
latedwith theGraphPadPrismprogram, plotting cell survival
against the respective concentrations of the treatments. One-
way ANOVA was used for the comparison of means (𝑃 <
0.05).The selectivity indexwas calculated by dividing the IC50
value of the isolated compounds on GM07492-A cells by the
IC50 value determined for human cancer cells.

3. Results and Discussion

3.1. Synthesis. Thesimple reaction of the quinoline carboxylic
acids with ruthenium(II) diphosphine precursor com-
plex cis-[RuCl2(dppm)2] resulted in the products cis-
[Ru(quin)(dppm)2]PF6 (1) and cis-[Ru(kynu)(dppm)2]PF6
(2), Figure 1, by simple chlorido exchange under mild condi-
tions.

3.2. Spectroscopical Characterization. The diamagnetic and
monoelectrolytes compounds 1-2 exhibited satisfactory
microanalytical (C, H, and N) data. The 1H NMR spectra
showed two broad signals due to the CH2 group of the
dppm ligand close to 4.10 and 4.70 ppm [21]. The hydrogens
of the phenyl groups (Ho, Hm and Hp) were observed as
several multiplets between 6.26 and 7.86 ppm [21]. For com-
plex 1 three doublets of the quin ligand were observed at
7.91, 8.22, and 8.31 ppm while for complex 2 one doublet
at 8.37 ppm and two singlet signals at 6.80 and 8.62 ppm
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Figure 1: Structures of the ruthenium(II) compounds obtained in this work.

could be assigned to the kynu ligand [22]. Other hydrogens
of the quin and kynu ligands were obscured by the signals
corresponding to the hydrogens of the phenyl groups. The
total number of hydrogens and proportion between the
ligands dppm and quin or kynu was confirmed by the
integral values for both complexes. In the 31P{1H} NMR
spectra these complexes displayed a pair of triplets resonance
signals, corresponding to two transpositioned phosphorus
atoms and two phosphorus atoms transpositioned to oxygen
atoms from carboxylate groups of the quinaldate and
kynurenate anions, respectively. Triplets are observed at 9.70
and −12.2 ppm and at 9.94 and −12.1 ppm, respectively, for 1
and 2, with the splitting pattern typical of an AX pattern [16].
These signals are downfield shifted when compared with the
triplets signals for the cis-[RuCl2(dppm)2] that are observed
at 0.64 and −25.3 ppm with 𝐽PP = 36Hz [17].

The IR spectrum displayed the typical asymmetric (]asym)
and symmetric (]sym) carboxylate stretching frequencies at
1523 and 1455 cm−1 (Δ = 68 cm–1) and 1516 and 1454 (Δ =
62 cm−1), respectively, for 1 and 2, confirming the pre-
sence of the quinoline carboxylate ligands coordinated in the
chelating mode through the carboxylate to the metal center
[23, 24].The characteristic P-F stretch of the PF6

− counterion
was seen at 840 and 557 cm−1 [23].

3.3. Circular Dichroism (CD) Experiments. The CD spectral
technique is very sensitive for diagnosing changes in the
secondary structure of DNA, resulting from drug-DNA
interactions [25]. A typical CD spectrum of CT-DNA shows
a maximum at 275 nm, due to the base-stacking and a
minimum at 248 nm attributed to the right-handed helicity,
characteristic of the B conformation [26].Thus simple groove
binding and electrostatic interaction of small molecules show
less or no perturbation on the base-stacking and helicity
bands, while intercalation enhances the intensities of both
the bands stabilizing the right-handed B conformation of
CT-DNA as observed for the classical intercalator methylene
blue [27]. To determine if the ruthenium(II) complexes cause
changes in DNA, CD spectra of CT-DNA with increasing
concentrations of 1 and 2 were acquired, up to molar ratio
drug⋅DNA−1 (Ri) = 0.4. As shown in Figure 2 significant

changes were not observed indicating that these compounds
were not able to intercalate DNA [28].

3.4. BSA-Binding Experiments. Serum albumin is the most
abundant protein in plasma and is involved in the transport
of metal ions and metal complexes with drugs through the
blood stream. Binding to these proteins to complexes may
lead to loss or conformational change in the protein subunit
and provide paths for drug transportation. Bovine serum
albumin, BSA (containing two tryptophans, Trp-134 andTrp-
212) is the most extensively studied serum albumin, due to its
structural homology with human serum albumin, HAS (one
Trp-214). The BSA solution exhibits a strong fluorescence
emission with a peak at 340 nm, due to the tryptophan
residues, when excited at 280 nm [29]. Fluorescence quench-
ing of BSA can occur by different mechanisms, usually classi-
fied as either dynamic or static quenching, which can be dis-
tinguished by their differing on temperature, viscosity, and
lifetime measurements [30]. A dynamic quenching refers
to the collisional process between the fluorophore and the
quencher (in this case, ruthenium complexes) during the
transient existence of the excited state. Dynamic quenching
depends on diffusion, as higher temperatures result in high
diffusion coefficient, and consequently, the constant quench-
ing must also increase. In contrast, for the static quenching,
an increase in temperature results in lower extinction values
of the constants due to a fluorophore and quencher complex
formation in the ground state [31].

The Stern-Volmer equation (2) has been used to under-
stand the nature of the quenching mechanism of BSA in the
presence of complexes 1 and 2 at different temperatures [31].
Figure 3 shows the quenching of the BSA in the presence of
the different concentrations of the complexes 1 and 2.

In general, these complexes showed no significant vari-
ation 𝐾sv with increasing temperature. However, the results
of 𝐾𝑞 have values greater than the maximum possible for
a dynamic mechanism (2.0 × 1010 L⋅mol−1⋅s−1) [32] and in
both cases were of the order 1013M−1⋅s−1 (Table 1), which
is 1000-fold higher than the maximum value possible for
diffusion controlled quenching of various kinds of quencher
to biopolymer. It is suggested that the suppression of BSA

89Synthesis, Characterization, Cytotoxic Activity, and Interactions with CT-DNA and BSA of Cationic...

__________________________ WORLD TECHNOLOGIES __________________________



WT
−6

−4

−2

0

2

4

6

El
lip

tic
ity

 (m
de

g)

260 280 300 320 340 360240
Wavelength (nm)

DNA
Ri 0.05
Ri 0.1

Ri 0.2
Ri 0.3
Ri 0.4

(a)

−6

−4

−2

0

2

4

6

El
lip

tic
ity

 (m
de

g)

260 280 300 320 340 360240
Wavelength (nm)

DNA
Ri 0.05
Ri 0.1

Ri 0.2
Ri 0.3
Ri 0.4

(b)

Figure 2: Circular dichroism (CD) spectra of CT-DNA incubated 18 h with complexes 1 (a) and 2 (b) at different [complex]/[DNA] ratios at
37∘C.
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Figure 3: Fluorescence emission spectra of the BSA (2.5 𝜇M 𝜆ex 280 nm) at different concentrations of complexes 1 (a) and 2 (b) at 300K.
Inset: Stern-Volmer plots showing tryptophan quenching in BSA at 300 and 310K and UV-vis spectra of complexes 1 and 2.

with these complexes is a static quenching mechanism. The
decreasing of𝐾𝑞with increasing temperature is in accordance
with𝐾sv dependence on temperature.

In both cases, the obtained values of n indicate that the
proportion between BSA-complex is equal 1 : 1, indicating
that there is only one binding site in the BSA for each
ruthenium complex, similar or equal to those reported before
for other metal complexes [33–35]. Furthermore, values
of 𝐾𝑏 confirmed the moderated interaction force between
complex-BSA [36–38] and the temperature is not significant.
Thus, these complexes can be stored and carried by protein
in the body. The interaction forces between drugs and

biomolecules may include van der Waals interaction, hydro-
gen bonds, and electrostatic and hydrophobic interactions.
The thermodynamic parameters ΔG (free energy change),
ΔH (enthalpy change), and ΔS (entropy change) were cal-
culated to evaluate the intermolecular forces involving the
molecules of complex and BSA.The values forΔH > 0 andΔS
> 0 imply the involvement of hydrophobic forces in protein
binding, ΔH < 0 and ΔS < 0 correspond to van derWaals and
hydrogen bonding interactions, and ΔH < 0 and ΔS > 0 sug-
gest an electrostatic force [39]. Thermodynamic parameters
(ΔH andΔS)were calculated from the van’tHoffplots, (5);ΔG
was estimated from (6). All the results are shown in Table 1.
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Table 1: Stern-Volmer quenching constant (𝐾sv, L⋅mol−1), biomolecular quenching rate constant (𝐾𝑞, L⋅mol−1⋅s−1), binding constant (𝐾𝑏,
L⋅mol−1), the number of binding sites (𝑛), and ΔG0 (KJ⋅mol−1), ΔH0 (KJ⋅mol−1), and ΔS0 (J⋅mol−1⋅K) values for the complex-BSA system at
different temperatures.

𝐾sv 𝐾𝑞 𝐾𝑏 𝑛 ΔG0 ΔH0 ΔS0
(×105) (×1013) (×105)

1 300 0.77 1.10 4.77 1.2 −32.61
−87.78 −183.91

310 0.75 1.10 1.53 1.0 −30.77

2 300 1.24 1.79 3.25 1.1 −31.65
−50.16 −61.70

310 1.00 1.50 1.70 1.0 −31.04

Table 2: Inhibitory activity of ruthenium complexes and cisplatin against normal and tumor cell lines for 24 h incubation, expressed as IC50,
𝜇g⋅mL−1 (𝜇M) and selectivity index (SI).

Cell line
HepG2a MCF-7b MO59Jc GM07492Ad SI1 SI2 SI3

cis-[RuCl2(dppm)2]
102 ± 26
(108 ± 26)

180 ± 13
(191 ± 13)

126 ± 10
(134 ± 10)

62 ± 4
(66 ± 4) 0.61 0.34 0.49

1 11.8 ± 0.7
(10.1 ± 0.6)

14.2 ± 0.6
(12.1 ± 0.5)

13 ± 2
(11 ± 2)

11 ± 1
(10 ± 1) 0.93 0.77 0.85

2 31 ± 6
(26 ± 5)

162 ± 14
(135 ± 11)

44 ± 3
(36 ± 2)

45 ± 1
(37 ± 1) 1.45 0.28 1.02

cisplatine 1.9 ± 0.2
(6.3 ± 0.7)

10 ± 1
(34 ± 4)

7 ± 1
(22 ± 4)

8 ± 1
(26 ± 3) 4.21 0.80 1.14

aHuman hepatocellular carcinoma, bhuman breast adenocarcinoma, chuman glioblastoma, dnormal human lung fibroblasts, and ereference drug. SI1 = IC50
GM07492A/IC50 HepG2; SI

2 = IC50 GM07492A/IC50 MCF-7; SI3 = IC50 GM07492A/IC50 MO59J.

The negative values of free energy, ΔG, suggested that the
interaction process was spontaneous; the values entropy ΔS
and enthalpy ΔH negative indicated that the hydrogen bonds
and van derWaals forces are the more important interactions
in the reaction [38].

3.5. Cytotoxicity Assays. Ruthenium compounds 1 and 2,
cis-[RuCl2(dppm)2] and cisplatin were evaluated for their
capability of inhibiting tumor cell growth in vitro using
three human cell lines, HepG2, MCF-7, and MO59J. One
nontumorigenic cell line (GM07492A) was also assayed in
the same conditions in order to verify the selectivity of
these compounds. The resulting concentration-effect curves
obtained with continuous exposure for 24 h are depicted in
Figure 4. A more convenient comparison of the cytotoxic
potency (expressed as IC50 values) is listed in Table 2.

Overall sensitivities of the three tumor cell lines (Figures
4(a)–4(c)) and of the normal cell (Figure 4(d)) are more
pronounced for complex 1, followed by complex 2, and the
less active is the precursor cis-[RuCl2(dppm)2].

Complexes 1 and 2 have showed, in general, a moderate
cytotoxicity against all the human tumor cell lines assayed
with IC50 values ranging from 10.1 to 36 𝜇M, except for com-
plex 2 in MCF-7 cells that showed a very low cytotoxicity as
shown in Table 2. Complex 1 displayed higher activity than 2
in all the cell lines assayed with IC50 close to 10 𝜇M.This non-
selective activity of complex 1 was not observed for complex
2 that was almost inactive in MCF-7 cells. The selectivity
index (SI) was very close to 1 (or smaller) for all the cell lines
assayed indicating a lack of selectivity for both complexes.

In the same experimental conditions the precursor complex
cis-[RuCl2(dppm)2] was less active than the complexes 1 and
2 by factors ranging from 1.4 to 15.8. A similar increased
in activity was also observed against the normal cell line
GM07492A. This lack of selectivity was also observed for
the cis-[RuCl2(dppm)2] for all the cell lines assayed and for
cisplatin in the MCF-7 and MO59J cell lines. These data
clearly indicate that exchanging two chlorido ligands by a
bidentate quinoline carboxylate group turns the unity cis-
[Ru(dppm)2] complex more cytotoxic, probably due to its
higher solubility and disponibility in the culture medium.
Interestingly, the presence of one OH-group in complex 2 led
to a significant decrease in cytotoxic activity, indicating that
this may be a way to modulate the cytotoxic potency of this
type of complex.

4. Conclusion

In this investigation two new ruthenium(II) complexes
containing dppm and the quinaldate and kynurenate
anions with formula cis-[Ru(quin)(dppm)2]PF6 and cis-
[Ru(kynu)(dppm)2]PF6 were synthesized and characterized
by elemental analysis and spectroscopic methods. Charac-
terization data are in agreement with a cis geometry and a
chelated coordination, through the carboxylate group, for the
quinaldate and kynurenate ligands. Utilizing circular dichro-
ism spectroscopy showed that these complexes lack the ability
to intercalate DNA. On the other hand BSA-binding con-
stants and thermodynamic parameters suggest spontaneous
interactions with this protein by hydrogen bonds and van der
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Figure 4: In vitro cytotoxicity activities of ruthenium complexes inHepG2 (a),MCF-7 (b),MO59J (c), andGM07492A (d) cells after exposure
for 24 h.The concentration-effect curves were determined using XTT assay. Each data point is the mean ± standard error obtained from three
independent experiments.

Waals forces. The in vitro cytotoxicity activity assays indicate
a moderate to high cytotoxicity against a panel of human
tumor cell lines; however, these complexes lacks selectivity.
Interestingly, modulation of cytotoxic potency can probably
be done by exchanging the substituents of the quinolone
carboxylate ligand and will be explored in future work.
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Four newly synthesized imidazolium salts were characterized by nuclear magnetic resonance, vibrational spectra, and mass
spectra. ,en, the density functional theory calculations were performed to obtain the molecular configurations on which the
theoretical nuclear magnetic resonance and infrared spectra were consequently obtained. ,e comparison of calculated spectra
with the experimental spectra for each molecule leads to the conclusion that the theoretical results can be assumed to be a good
approach to their molecular configurations. ,e in vitro biological activities of the salts on the selected bacteria and cancer cell
lines were determined by using the broth dilution method according to Clinical and Laboratory Standards Institute guidelines.
,e 1,3-bis(2-hydroxyethyl) imidazolidinium bromide and 3-(2-ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium
bromide showed efficiency on Bacillus cereus ATCC 11778. ,e 3-bis(2-carboxyethyl)-4-methyl-1-H-imidazol-3-ium bro-
mide was effective on HeLa while a similar effect was observed on Hep G2 with 3-(2-carboxyethyl)-1-(3-aminopropyl)-1H-
imidazol-3-ium bromide.

1. Introduction

Imidazole rings are building blocks in amino acids [1] together
with the fact that theirmembership in the development of new
antifungal drugs [2, 3] and antibiotics [4, 5] are crucial. Its
derivatives are widely used in othermedicinal applications [6].
,e pregnane derivatives with imidazole moiety and triazole
moiety, for example, were tested on the prostate, breast, and
lung cancer cell lines, and dose-effective proliferation of the
cells was determined [7]. Similarly, the novel hybrid com-
pounds of imidazole scaffold-based 2-benzylbenzofloran have
been prepared and used in cytotoxic activity studies on
various cancer cell lines [8].

As a five-membered aromatic ring containing two
nonadjacent nitrogen atoms [9], imidazole is also subjected
to various computational chemistry research beyond its
biological applications. Its ability to capture CO2 was de-
termined in the investigations of the greenhouse effect
compensation in the framework of van der Waals bonded
host-guest relation [10]. ,e hydroxyl conductivity in

polymembranes based on imidazole salts was simulated using
radial distribution functions and found that the imidazole
groups provide better conductivity than that of water and
methanol [11]. Moreover, the specific imidazole derivatives
exhibited good cross section values for two-photon absorp-
tion [12]. ,e detoxification of phosphotriesters by imidazole
rings was clarified comparing the same effects with methyl-
imidazoles depending on the methyl positioning [13].

N-Heterocyclic carbenes (NHCs) are the imidazole-
based carbene groups which are isolated and crystallized
by the deprotonation of imidazole salts [14]. Also, the im-
idazole salts naturally transform into NHCs over metal
complex building reactions, as exampled on the synthesis
and characterization of the silver-NHC complexes [15] and
the iron-imidazole salts [16].

,e constitution and functions of imidazole ligands in
organometallic chemistry and inorganic chemistry have
been widely studied, and these particular researches have
been evaluated as a scientific competition field due to its
importance in the related industry [17]. Also, they are set as
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alternative to usual ligands in the carbon-carbon coupling
reactions of the pharmaceutical reagents [18]. ,e synthesis
and spectroscopic characterizations of four new NHC ligands,
namely, 1,3-bis(2-hydroxyethyl) imidazolidinium bromide (LA),
3-(2-ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium
bromide (LB), 1,3-bis(2-carboxyethyl)-4-methyl-1H-imidazol-3-
ium bromide (LC), and 3-(2-carboxyethyl)-1-(3-aminopropyl)-
1H-imidazol-3-ium bromide (LD) were exhibited in this study.
Using their nuclear magnetic resonance (NMR) and infrared
(IR) spectra, the molecular properties of the ligands were
obtained. Also, the in vitro biological activities of the syn-
thesized molecules were presented.

2. Materials and Methods

2.1. Instrumentation and Methods. ,e 1H and 13C NMR
spectra of the compounds in deuterium oxide (D2O) were
recorded on Varian 300MHz and Varian 75.5MHz, re-
spectively.,e IR spectra by KBr pellets were recorded in the
range 450–4000 cm−1 by a PerkinElmer BXII spectrometer.
,e mass spectra were acquired by the electron impact
technique using a ,ermo Finnegan Trace DSQ GC/MS.
Elemental analyses for C, H, and N were realized on the
dried samples using a PerkinElmer 2400 CHN analyzer. ,e
absorbance measurements in determining the biological
activities of the material were carried out in ,ermo Sci-
entific Multiskan Go multiplate spectrophotometer.

2.2. Synthesis

2.2.1. 1,3-Bis(2-hydroxyethyl) Imidazolidinium Bromide, LA.
Imidazole (10mmol, 0.68 g) was dissolved in tetrahydro-
furan (THF), and bromoethanol (22mmol, 2.75 g) was
added as the mixture was stirred for 20 hours. ,e com-
pletion of the reaction was monitored by thin-layer chro-
matography (TLC) in ethyl acetate/hexane (1 : 5) analyses,
and the solid residue was filtered out with a sintered glass
funnel. ,e solvent in the filtrate was evaporated using
a rotary evaporator, and the product was dried in a vacuum
desiccator. After that, the product was purified by column
chromatography (ethyl acetate/hexane, 1 : 5). ,e best yield
was obtained when the reaction was carried out at room
temperature with a 1 : 2 mole ratio of the reagents. 1.54 g of
the final product was obtained with 65% yield. It was in
yellowish liquid form. ,e elemental analyses result for LA
with the chemical formula C7H13BrN2O2 are C, 35.46%; H,
5.53%; and N, 11.82%; found: C, 35.35%; H, 5.43%; and N,
11.73%. ,e mass spectroscopy reads (m/z) 158.22 (M+H)+
which is consistent with the expected molecular weight.

2.2.2. 3-(2-Ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-
3-ium Bromide, LB. 3-(1H-imidazol-1-yl)propan-1-amine
(10mmol, 1.27 g) was dissolved in THF and stirred at
room temperature, and then, ethyl bromoacetate (11mmol,
1.837 g) was added with a 1 :1 mole ratio. ,e mixture was
stirred for 15 hr. ,e completion of the reaction was
monitored by thin layer chromatography (TLC) in ethyl
acetate/hexane (1 : 5) analyses.,e solvent was evaporated in

a rotary evaporator, and the substance was kept under vac-
uum in a desiccator. After that, the product was purified by
column chromatography (ethyl acetate/hexane, 1 : 5). It was
pale brown oily liquid. 0.94 g of the final product was obtained
with 32% yield. ,e elemental analyses result for LB with the
chemical formula C10H18BrN3O2 are C, 41.11%;H, 6.21%; and
N, 14.38%; found: C, 39.93%; H, 6.35%; N, and 14.21%. ,e
mass spectroscopy result reads (m/z) 213.12 (M +H)+ which
is consistent with the expected molecular weight.

2.2.3. 1,3-Bis(2-carboxyethyl)-4-methyl-1H-imidazol-3-ium
Bromide, LC. ,e procedure applied in the synthesis of
LA was also used for the synthesis of LC by replacing im-
idazole and bromoethanol with 4-methylimidazole
(10mmol, 0.82 g) and 3-bromopropionic acid (22mmol,
3.366 g), respectively. After that, the product was purified by
column chromatography (ethyl acetate/hexane, 1 : 5). It was
in white solid form. 1.48 g of the final product was obtained
with 48% yield. ,e elemental analyses result for LC with the
chemical formula C10H15BrN2O4 are C, 39.10%; H, 4.92%;
and N, 9.12%; found: C, 38.97%; H, 4.77%; and N, 19.22%.
,e mass spectroscopy result reads (m/z) 227.68 (M+H)+
which is consistent with the expected molecular weight.

2.2.4. 3-(2-Carboxyethyl)-1-(3-aminopropyl)-1H-imidazol-3-
ium Bromide, LD. ,e procedure applied in the synthesis of
LB was also used for the synthesis of LD by replacing ethyl
bromoacetate with 3-bromopropanoic acid (11mmol,
1.683 g), respectively. ,e product was purified by column
chromatography (ethyl acetate/hexane, 1 : 5). It was pale
brown oily liquid. 1.22 g of the final product was obtained
with 44% yield. ,e elemental analyses result for LD with the
chemical formula C9H16BrN3O3 are C, 38.86%; H.5.80%;
and N, 15.11%; found: C, 38.77%; H, 5.63%; and N, 15.23%.
,e mass spectroscopy result reads (m/z) 198.25 (M+H)+
which is consistent with the expected molecular weight.

2.3. Biological Activities

2.3.1. Antibacterial Activity. Broth microdilution method as
in the guidelines of Clinical Laboratory Standards Institute
was applied to determine the antibacterial activities of the LA,
LB, LC, and LD on the Gram-negative bacteria (Escherichia coli
ATCC 25922, Escherichia coli 0157:H7, and Salmonella
typhimurium ATCC 14028), Gram-positive bacteria (Bacillus
cereus ATCC 11778, Staphylococcus aureus ATCC 25923, and
Listeria monocytogenes ATCC 19115), and standard yeast
Candida albicans ATCC 10231. ,e bacteria and yeast were
obtained from the American Type Culture Collection. ,e
incubations were done in Tryptic Soy Broth medium at 37°C
for 24 hr in the scale of McFarland 0.5.,e antibiotic controls
were carried by gentamicin on Bacillus cereusATCC 1177 and
amphotericin-b on Candida albicans ATCC 10231, while
ampicillin was used on the other bacteria samples. For
sterilization purposes, the antibiotic solutions and the stock
solution of the chemicals were filtered through a 0.45 μm
sterile filter. ,e solvent in which the test compounds
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dissolved was dimethyl sulfoxide (DMSO) which did not
show any inhibition e�ect on the bacteria.�e pure LA, LB, LC,
and LD solutions and the pure microorganism planted me-
diums were used as the sterility and the growth controls,

respectively. �e six di�erent concentrations of the each
compound were applied to the cells starting from 32 μm and
diluting to half each time. Each of the 96 microplates was
planted in 150 μl of Tryptic Soy Broth medium, 30 μl of the
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Scheme 1: Optimized conformers of the synthesized imidazole molecules with their labeled and numbered atoms: (a) 1,3-bis(2-hydroxyethyl)
imidazolidinium bromide, (b) 3-(2-ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide, (c) 1,3-bis(2-carboxyethyl)-4-
methyl-1H-imidazol-3-ium bromide, and (d) 3-(2-carboxyethyl)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide.

Table 1: Some selected geometrical parameters of the common properties of the investigated molecules.

LA LB LC LD L
Selected bond lengths (Å)
C1-H1 1.102 1.043 1.061 1.095 0.976
C1-N1 1.295 1.301 — — 1.312 (7)
C3-N1 1.403 1.398 1.335 1.396 1.374 (8)
C2-C3 1.297 1.332 1.366 1.314 1.312 (10)
C4-N2 1.464 1.437 1.418 1.523 1.444 (8)
N1-C5 1.464 1.474 1.429 1.505 1.444 (8)
C7B-O1B — 1.204 — — 1.241 (8)
N3B(D)-H3B(D) — 1.015 — 1.013 1.010
Selected bond angles (°)
N1-C1-N2 108.7 112.6 111.7 108.9 109.2 (6)
C1-N1-C3 108.9 105.7 108.9 108.6 107.9 (5)
C1-N1-C5 125.1 127.6 126.0 126.0 126.2 (5)
C4-N2-C1 125.1 126.5 126.9 125.2 126.2 (5)
H2-C2-N2 122.6 121.8 121.8 122.3 123.4
C3-C2-H2 130.6 129.4 129.9 130.5 128.2
Selected dihedral angles (°)
C4-N2-C1-N1 177.5 179.2 179.6 178.6 178.4 (5)
N2-C2-C3-N1 0.2 0.4 0.3 0.1 0.9 (8)
C5-N1-C1-N2 177.5 175.1 179.1 179.6 178.4 (5)
C5-N1-C3-C2 177.7 175.2 179.8 179.7 177.9 (6)
�e data of the molecule showed by L in the last column re�ect the X-ray di�raction measurements and calculated values on 1,3-bis(acetamide)imidazol-3-
ium bromide as given in [22]. �e numbers in the paranthesis indicates the experimental error margins on the speci�c measurements. �e labeled and
numbered atoms in the �rst column are presented for each molecule in Scheme 1.
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bacteria or the yeast culture, and 20 μl of the chemical
compound solution. All microplates were incubated at 37°C
for 24 hr. ,e absorbance was measured at 600 nm.

2.3.2. Cytotoxicity. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay was used to observe the
cytotoxicity of synthesized compounds on human cervical
cancer cell line (HeLa), human liver cancer cell line (Hep
G2), and healthy mouse embryonic fibroblast cell line
(MEF). All cell lines were provided with American Type
Culture Collection (ATCC, Manassas, VA, USA). A certain
population of the cells were incubated in Dulbecco’s
modified Eagle’s Medium (DMEM) provided with Life
Technologies GIBCO, Grand Island, NY, USA involving 1%
penicillin streptomycin and 1% L-glutamine and HAMS F12
(1 :1) broth medium at 37°C under 5% CO2. ,e cells were
planted in 96-multiwell plates with approximately equal
numbers of 105, and they were allowed further incubation
for 24 hr. ,e seven different doses of each compound were
applied to the cancer cell lines and theMEF cells.,e applied

doses were 400 μm, 200 μm, 100 μm, 50 μm, 25 μm, 12.5 μm,
and 6.25 μm, and the dose application time was 24 hr. ,e
surviving control for each cell was carried out against the
cells not exposed to any dose. ,en, 20 μl/plate of 5mg/ml
MTTsolution was added into the each well and left to further
incubation between 2 and 4hr. ,e excess MTT solutions
were removed from the wells, and 200 μl of ultra-pure DMSO
was added.,e set was left in dark for 5min beforemeasuring
the color intensities on a 492 nm spectrophotometer.

2.4. Computational Modeling. All calculations were carried
out in the framework of Gaussian 09 package. ,emolecules
were optimized in their ground state using Becke3-Lee-
Yang-Parr (B3LYP) exchange correlation functional
method and 6-311G+ (2d, p) basis set within density
functional theory (DFT). ,en, the NMR spectra and the IR
spectra were calculated on the optimized geometries using
the same method and the same basis set. ,e gauge-
independent atomic orbital (GIAO) method was adopted
to acquire theoretical 1H and 13C NMR shifts, which were

Table 2: Proton and carbon nuclear magnetic resonance spectral data of the molecules.

Assignment
Proton chemical shift

(ppm) Assignment
Carbon chemical shift

(ppm)
Experimental ,eory Experimental ,eory

1,3-Bis(2-hydroxyethyl) imidazolidinium bromide (LA)
s, 1H, NCHN 9.06 9.06 NCHN 136.33 137.66
d, 2H, HC�CH 7.70 7.32 HC�CH 122.60 123.06
t, 4H, N-CH2 3.93 4.01 O-CH2 59.75 61.68
t, 4H, O-CH2 3.82 3.87 N-CH2 51.98 52.59
s. 2H, OH — 1.73 — — —
3-(2-Ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide (LB)
s, 1H, NCHN 7.79 7.73 CO 171.85 172.23
d, 1H, HC�CH 7.25 7.23 NCHN 136.78 137.10
d, 1H, HC�CH 7.02 7.00 HC�CH 125.13 124.74
s, 2H, N-CH2 CO 4.23 4.22 (2) HC�CH 120.73 121.34
q, 2H, CH2-CH3 3.23 3.21 (3) O-CH2-CH3 60.78 57.36
t, 2H, N-CH2-C 2.95 2.96 (3) N-CH2 54.97 54.10
t, 2H, NH2-CH2 2.55 2.54 (2) N-CH2-CH2- 44.97 38.64
m, 2H, C-CH2-C 2.20 2.18 (2) NH2-CH2- 36.84 36.61
t, 3H, CH3 2.02 2.04 (3) C-CH2-C 28.72 31.52
NH2 — 0.5 (3) CH3 13.64 17.70
1,3-Bis(2-carboxyethyl)-4-methyl-1H-imidazol-3-ium bromide (LC)
s, 1H, NCHN 8.84 8.83 COOH 173.03 170.3 (1)
s, 1H, HC�C-CH3 7.33 7.34 NCHN 133.30 132.96
s, OH — 5.95 (2) C-CH3 129.94 130.93

t, 4H, N-CH2 3.64 3.62 (5) C�C-CH3 116.01 119.67
N-CH2 37.53 39.7 (9)

t, 4H, CH2-COOH 2.91 3.10 (2) CH2-COOH 26.79 33.8 (5)
s, 3H, -CH3 2.38 2.37 CH3 9.01 10.26
3-(2-Carboxyethyl)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide (LD)
s, 1H, NCHN 9.11 9.11 COOH 170.21 177.74
d, 1H, HC�CH 7.72 7.71 NCHN 137.16 137.47
d, 1H, HC�CH 7.65 7.63 HC�CH 123.94 124.97
s, OH — 6.39 HC�CH 121.50 124.69
t, 4H, N-CH2 4.45 4.47 (1) N-CH2 60.01 60.29
t, 2H, COOH-C 3.33 3.34 N-CH2 52.02 53.30
t, 2H, NH2-CH2 3.05 3.03 NH2-CH2 45.42 45.41
m, 2H, C-CH2-C 2.33 2.31 C-CH2-C 36.18 40.05
NH2 — 0.7 (3) COOH-CH2 27.76 34.43
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WTconverted to that of tetramethylsilane scale. �e IR spectra
were scaled by the factor 0.9613 due to the theoretical
miscalculations [19–21]. �e vibrational modes were
assigned by observing the animation property of the fre-
quency calculations provided with Gaussian 09 package.

3. Result and Discussion

NMR and IR spectra are reliable methods to elucidate an
organic material or some of metal complexes. �ey can also
be used to verify calculated molecular structure by com-
paring calculated spectra with corresponding experimental
spectra and thus determining structural parameters and
complete description of chemicals investigated.

3.1. Molecular Structures. �e NMR measurements were
taken in dilute D2O solution, while the IR spectra were
recorded in the solid KBr pellet. �erefore, NMR and in-
frared spectra may re�ect di�erent molecular structures as
the molecule surrounded by D2O molecules in NMR spectra
while the intermolecular interactions exist in the IR spectra,
especially on -CH and -OH bonds [22]. On the theoretical
calculation side, the crystalline phase calculations were
excluded due to the single crystal form of the molecules
obtained for X-ray analysis. �e gas phase calculations were
adopted considering di�erences with other phases with 2%

maximum error margin which were especially on the -CH
and -OH bond lengths.

�e process of the theoretical modeling of the molecules
has initially been realized by using the potential energy
surface scanning method for the selected dihedral angles of
each molecule, thus obtaining the lowest energy conformers
in the gas phase, and the resulting optimized conformers are
given in Scheme 1.�e imidazole rings except that of LC with
its CH3 attachment and the CH2 groups directly bonded to
the nitrogen of the rings are common in the all molecules.

LA has the point group symmetry C2 as the other mole-
cules were found to have C1 symmetry. �e lower point group
symmetry of the LB, LC, and LD in comparison with the C2
symmetry of LA is because of the attachment of the di�erent
aliphatic chains to their imidazole rings. �e calculated opti-
mized energies and the dipole moments of LA, LD, LB, and LC
are, respectively, −534.4, −667.3, −706.6, and −800.5 in units of
a.u. and 2.11, 3.41, 4.54, and 7.78 in units of Debye.

�e calculated parameters of the common properties of
the molecules are presented in Table 1. Although the
molecules di�er from each other by their moieties bonded to
the imidazole rings, the bond lengths, the bond angles, and
the dihedral angles belong to the ring, and its immediate
vicinity are in good agreement with each other and with the
corresponding X-ray di�ractometer (XRD) results of pre-
viously investigated similar molecule 1,3-bis(acetamide)
imidazol-3-ium bromide which was crystallized success-
fully [22]. �e dihedral angles chosen on the imidazole ring
are either about 0° or 180°, implying the aromatic structure as
expected. �e C-N bond lengths which bind the rings and
the aliphatic moieties, that is, C4-N2 and N1-C5 are equal in
LA re�ecting the symmetric structure of the molecule.
However, these are di�erent in LB, LC, and LD because of the
di�erent moieties on the both side of their aromatic rings.
Although the symmetry of LC was broken by the C-CH3
group instead of C-H in the ring, no drastic changes were
observed in the concerning ring parameters. It can be
inferred that the common geometrical parameters are
consistent with each other with a priori theoretical con�r-
mations before NMR and IR spectra clari�cations of the
calculated molecular structures.

3.2. Nuclear Magnetic Resonance Spectra. �e experimental
and theoretical chemical shifts of 1H NMR and 13C NMR
spectra of LA, LB, LC, and LD molecules are given in Table 2.
�e calculations were carried out in the gas phase consid-
ering their optimized geometries given in Scheme 1. �e
proton signals for -NH2 and -OH in all were absent in the
experimental 1H NMR spectra because the solvent was D2O
concerning the solubility of the specimens which exchanged
NH2 and OH protons with deuterium. Although their de-
tailed analysis left to the IR spectra in the following section,
the calculated shifts δ 1.73 ppm of OH in LA and δ 0.5 ppm
and δ 0.7 ppm of NH2 in LB and LD, respectively, are in the
typical chemical shift range of R-NH2 and R-OH groups.

�e imidazole proton (NCHN, H1) shifts of LA, LC, and
LD with 9.06 ppm, 8.84 ppm, and 9.11 ppm, respectively, are
noticeably bigger than that of LB with 7.79 ppm. �at can be
due to the intramolecular interactions of the NCHN
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Figure 1: Calculated (bold lines) and experimental (pale lines)
infrared spectra of the synthesized imidazole molecules: (a) 1,3-
bis(2-hydroxyethyl) imidazolidinium bromide, (b) 3-(2-ethoxy-
2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide, (c)
1,3-bis(2-carboxyethyl)-4-methyl-1H-imidazol-3-ium bromide, and
(d) 3-(2-carboxyethyl)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide.
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hydrogen with the close oxygen atoms since the oxygen
reduces the electron density on the hydrogen depending on
the distance between them, thus causing higher NMR shifts.
Indeed, the H1-O1A in LA, the H1-O1C in LC, and the H1-O1D
in LD are 2.61 Å, 2.42 Å, and 2.41 Å, respectively. ,ese
distances which were measured from the theoretical models
of the molecules are quite longer than that 2.85 Å distance of
the H1-O1B measured in LB which results in small shifts for
the H1 of LB. ,is is supported by the fact that the other
imidazole proton shifts of H2 and H3 are all in close values
about 7.7 ppm for all molecules as no distinct intermolecular
interactions possible on H2 and H3 in any of them. In ad-
dition, the NMR signals of CH2 protons in the aliphatic
chains of all molecules and the smallest proton shifts of CH3
protons in LB and LC molecules are theoretically and ex-
perimentally in agreement with the expected NMR results.
,ese NMR data are in accordance with the previous study
on a similar imidazole salt [23, 24] in which the protons
belong to the aliphatic chain found in 4.15 ppm–2.08 ppm,
the carbons belong to the imidazole ring, and the aliphatic

chain is found in 139.2 ppm–123 ppm and 62.5 ppm–
33.9 ppm as in this study.

,e eight R-squared tests using the data in Table 2
provide least 99.8% agreement between the experimental
and the theoretical 1H and 13C NMR for LA, LB, LC, and LD.
,e theoretical results for NMR are in very good agreement
with the experimental results as well as the observation of the
expected specific values. ,us, one can infer that the cal-
culated atomic configurations of the all molecules are good
estimations except the exclusion of the interchangeable
hydrogens.

3.3. Infrared Spectra. In Figure 1, the experimental infrared
spectra of LA, LB, LC, and LD in the 450–4000 cm−1 region are
given against their IR spectra calculations. ,e detailed
account of the IR spectra including the in-plane vibrations of
the stretching, scissoring, and rocking and the out-of-plane
vibrations of the wagging and twisting for each molecule is
presented for LA, LB, LC, and LD in Tables 3–6, respectively.

Table 3: ,e experimental and theoretical vibrational wave numbers for the infrared spectra of 1,3-bis(2-hydroxyethyl) imidazolidinium
bromide (LA) with its symbolled and numbered atoms in Figure 1(a).

Vibrational assignments/vibrating atoms ,eory Experiment
]s(OH)/(O1A-H1A, H2A-O2A) 3477 3358]as(OH)/(O1A-H1A, H2A-O2A) 3477
]as(CH2)/(C4-H4, H′4-C4), (C5-H5,H′5-C5) 3093

3114–2822

]as(CH2)/(C6A-H6A, H′6A-C6A), (C7A-H7A, H′7A-C7A) 3011
](NCHN)/(C1-H1) 2949
]s(CH)/(C2-H2, H3-C3) 2928
]s(CH2)/(C4-H4, H′4-C4), (C5-H5, H′5-C5) 2914
]as(CH)/(C2-H2, H3-C3) 2899
]s(CH2)/(C6A-H6A, H′6A-C6A), (C7A-H7A, H′7A-C7A) 2880 2808
]as(CN)/(C1-N1,N2-C1) 1682 1630
]s(CN)/(C1-N1,N2-C1) 1543 1592
δsc(CH2)/(C6A-H6A, H′6A-C6A), (C7A-H7A, H′7A-C7A) 1452

1463δsc(CH2)/(C4-H4, H′4-C4), (C5-H5, H′5-C5) 1428
δ(OH)/(O1A-H1A), (O2A-H2A) 1411
ct(CH2) + δr(CH) + δ(NCHN)/(C4-H4, H′4-C4), (C2-H2, C3-H3), (C1-H1) 1375 1373
cw(CH2) + ]s(CN)/(C5-H5, H′5-C5), (C7A-H7A, H′7A-C7A), (C4-N2, N1-C5) 1355 1330δr(CH)/(C2-H2, H3-C3) 1345
ct(CH2) + δ(NCHN)+ δr(CH)/(C6A-H6A,H′6A-C6A), (C1-H1), (C2-H2, H3-C3) 1323 1301
ct(CH2) + δ(NCHN)+ δr(CH)/(C4-H4, H′4-C4), (C1-H1), (C2-H2, H3-C3) 1313
δ(NCHN)+ cw(OH)/(C1-H1), (O1A-H1A, H2A-O2A) 1274

1265ct(CH2) + δr(OH)/(C4-H4, H′4-C4), (C5-H5, H′5-C5), (O1A-H1A, O2A-H2A) 1212
ct(CH2) + δr(OH)/(C6A-H6A, H′6A-C6A), (C7A-H7A, H′7A-C7A), (O1A-H1A, O2A-H2A) 1209
δsc(CH)/(C2-H2, H3-C3) 1149 1179]as(CN)/(C3-N1, N2-C2) + (C4-N2, N1-C5) 1143
]as(CO) + ]as(CC)/(C6A-O2A, O1A-C7A), (C6A-C4, C5-C7A) 1077

1080]s(CO) + ]s(CC)/(C6A-O2A, O1A-C7A), (C6A-C4, C5-C7A) 1076
δr(CH2) + ]s(CO)/(C4-H4, H′4-C4), (C5-H5, H′5-C5), (C6A-O2A, C7A-O1A) 1047
δr (CH2) + ]s (CN)/(C6A-H6A, H′6A-C6A), (C7A-H7A, H′7A-C7A), (C3-N1, N2-C2) 997 956
c(NCHN)/(C1-H1) 946
]s(CC)/(C6A-C4, C5-C7A) 930 917
δr(CH2) + ]as(CO)/(C4-H4, H′4-C4), (C5-H5, H′5-C5), (C6A-O2A, O1A-C7A) 867 875δr(CH2)/(C4-H4, H′4-C4), (C6A-H6A, H′6A-C6A) 861
cw(CH) + c(NCHN)/(C2-H2, H3-C3), (C1-H1) 853 840
]as(CN) + δr(CH2)/(N2-C4, N1-C5), (C6A-H6A, H′6A-C6A), (C7A-H7A, H′7A-C7A) 677 673
c(NCHN)/(C1-H1) 617 639
], stretching; δ, in-plane bending; c, out-of-plane bending; s, symmetric; as, asymmetric; sc, scissoring; r, rocking; t, twisting; w, wagging.
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,e R-square test results exhibit 99.8%, 99.5%, 99.5%, and
99.7% agreement between the experimental and the theo-
retical IR spectra of LA, LB, LC, and LD, respectively.

,e intermolecular interactions and the correlations of
close frequency IR signals cause the -OH, -CH, -CH2, -CH3,
and -NH2 stretching vibrations to appear under broad peaks
in the experimental spectra. ,ese broad peaks are in very

well-defined frequency region.,e vibrations coming from the
other functional groups of the imidazole rings and the aliphatic
chains including the other vibrations of the hydrogenic groups
in all modes appeared in 1750–450 cm−1 region.

,e first vibration signals observed in the 1800–1700 cm−1
region of the experimental spectra of LB, LC, and LD are
distinct peaks arising from ν(C�O) stretching as their values

Table 4: ,e experimental and theoretical vibrational wave numbers for the infrared spectra of 3-(2-ethoxy-2-oxoethly)-1-(3-aminopropyl)-
1H-imidazol-3-ium bromide (LB) with its symbolled and numbered atoms in Figure 1(b).

Vibrational assignments/vibrating atoms ,eory Experiment
](NCHN)/(C1-H1) 3460

3400]as(NH2)/(N3B-H3B, H′3B-N3B) 3412
]s(NH2)/(N3B-H3B, H′3B-N3B) 3345
]as(CH2)/(C9B-H9B, H′9B-C9B) 3327

3192–2720

]s(CH2) + ]s(CH2)/(C1-H5, H′5-C1), (C9B-H9B, H′9B-C9B) 3270
] (CH2)/(C4-H′4) 3263
] (CH2)/(C8B-H8B) 3226
]as(CH2)/(C5-H5, H′5-C5) 3221
]s(CH2)/(C5-H5, H′5-C5) 3157
](CH)/(C3-H3) 3087
](CH)/(C2-H2) 2946
]as(CH2)/(C6B-H6B, H′6B-C6B) 2843
]s(CH2)/(C6B-H6B, H′6B-C6B) 2795
]as(CH3)/(C10B-H10B, H′10B-C10B) 2784
]as(CH3)/(C10B-H10B, H″10B-C10B) 2783
]s(CH3)/(C10B-H10B, H′10B-C10B, H″10B-C10B) 2731
](CH2)/(C8B-H′8B) 2606 2618
](CO)/(C7B-O1B) 1707 1753
](CN) + δ(CH) + ](C�C)/(C1-N2), (C2-H2), (C2-C3) 1652

1645](CN) + ](C�C)/(C1-N1), (C2-C3) 1619
δsc(NH2)/(C3B-H3B, H′3B-C3B) 1606
]s(CN) + ](NC)/(N2-C1,C1-N1), (N2-C2) 1494 1561
δsc(CH3) + δ(CH3)/(C10B-H10B, C10B-H″10B), (C10B-H′10B) 1464 1528δsc(CH2)/(C8B-H8B, H′8B-C8B) 1462
δsc(CH3) + δ(CH3)/(C10B-H′10B, C10B-H″10B), (C10B-H10B) 1451 1473δsc(CH2)/(C6B-H6B, H′6B-C6B) 1441
δsc(CH2) + cw(CH3)/(C9B-H9B, H′9B-C9B), (C10B-H10B, C10B-H′10B) 1415 1465
δsc(CH2)/(C5-H5, H′5-C5) 1381 1458
cw(CH2) + δsc(CH2)/(C8B-H8B, H′8B-C8B), (C4-H4, H′4-C4) 1372
cw(CH2) + δsc(CH2)/(C6B-H6B, H′6B-C6B), (C4-H4, H′4-C4) 1352 1394
]s(CN) + ct(CH2)/(C4-N2, N1-C5), (C6B-H6B, H′6B-C6B), (C5-H5, H′5-C5) 1319 1300
cw(CH2)/(C9B-H9B, H′9B-C9B) 1309
ct(NH2) + ct(CH2)/(N3B-H3B, H′3B-N3B), (C6B-H6B, H′6B-C6B) 1296 1242δ(NCHN)+ δr(CH)/(C1-H1), (C2-H2, C3-H3) 1282
]as(CO) + cw(CH2)/(C7B-O2B, O2B-C9B), (C5-H5, H′5-C5), (C9B-H9B, H′9B-C9B) 1248 1214
]as(CO) + cw(CH3)/(C7B-O2B, O2B-C9B), (C10B-H10B, C10B-H″10B) 1198 1183
]as(CC) + ](CO) + ]s(CN)/(C8B-C6B, C6B-C4), (C3B-O2B), (C4-N2, N1-C5) 1123 1118
]s(CO) + ](CC) + δ(NCHN)/(C7B-O2B, O2B-C9B), (C9B-C10B), (C7B-C5), (C1-H1) 1069 1097
cw(NH2) + δr(CH2)/(N3B-H3B, H′3B-N3B), (C8B-H8B, H′8B-C8B) 1011 1039
cw(NH2) + ](CC)/(N3B-H3B, H′3B-N3B) + (C6B-C4) 869 931
](CC) + cw(CH3) + ](CO)/(C5-C7B), (C10B-H10B, C10B-H′10B), (C7B-O2B) 860 852
cw(NH2) + ](CC)/(N3B-H3B, H′3B-N3B), (C4-C6B) 824 787
c(NCHN)+ cw(CH)/(C1-H1), (C2-H2, C3-H3) 797 765
cw(CH) + ct(NH2) + ct(CN)/(C2-H2, C3-H3), (N3B-H3B, H′3B-N3B), (N1-C5) 759 700
ct(NH2) ct(CN) + c(NCHN)/(N3B-H3B, H′3B-N3B), (N2-C4), (C1-H1) 722 652
ct(CH2) + δ(CC)/(C8B-H8B, H′8B-C8B), (C6B-H6B, H′6B-C6B), (C5-C7B) 665 636
ct(CH2) + δ(CC)/(C6B-H6B, H′6B-C6B) + (C6B-C4) + (C5-C7B) 626 592
ct(C�C)/(N2-C2, C3-N1) 603
Γ(NCHN)/(C1-H1) 534 534
], stretching; δ, in-plane bending; c, out-of-plane bending; s, symmetric; as, asymmetric; sc, scissoring; r, rocking; t, twisting; w, wagging.
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in agreement with the previously observed ν(C�O) stretching
[25] and theoretically calculated values as reflected in Table 3.
,e imidazole ν(C�N) stretching of LA appears as individual
signals while they are coupled under broad peaks with LB, LC,
and LD molecules as seen about 1650 cm−1 while the fre-
quencies for ν(C�N) stretching are in agreements with the
corresponding data as given in [26]. ,e aliphatic ν(C-N)
stretching in 1069–1235 cm−1 interval and the aliphatic ν(C-
C) stretching in 917–1099 cm−1 are consistent with the pre-
vious corresponding measurements [27].

Beyond the consistency of the common imidazole
properties of the molecules, we also give unique infrared
signals of molecules in Table 3. C-O stretching belong to
the H2C-OH group in LA, in-plane δ vibrations of CH3 at the
end of the aliphatic chain of LB, and at the attachment of the

imidazole ring of LC are such unique vibrations. ,e cal-
culated and observed wave numbers of these vibrations are
consistent with the concerning previous studies [28, 29].

,e molecules in consideration analyzed by infrared
spectrum because of the lack of exchangeable protons of
-OH and -NH2 in the NMR spectra of the chemicals and the
existence of these groups is proved in the molecules. Also,
the IR spectra of the molecules reverifies the theoretically
obtained configurations of them as they were first verified by
the comparison the theoretical NMR spectra with that of the
experimental NMR spectra.

3.4. Antibacterial and Cytotoxic Activities. ,e antibacterial
tests of the synthesized four molecules were run on the six

Table 5: ,e experimental and theoretical vibrational wave numbers for the infrared spectra of 1,3-bis(2-carboxyethyl)-4-methyl-1H-
imidazol-3-ium bromide (LC) with its symbolled and numbered atoms in Figure 1(c).

Vibrational assignments/vibrating atoms ,eory Experiment
](OH)/(O3C-H3C) 3685 3416](OH)/(O4C-H4C) 3643
](CH2)/(C5-H5) 3328

3268–2677

](CH2)/(C4-H4) 3311
](NCHN)/(C1-H1) 3292
](CH3)/(C10-H″10C) 3046
](CH2)/(C5-H′5) 2983
](CH2)/(C4-H′4) 2949
]as(CH3)/(C10C-H10C, H′10C-C10C) 2904
]as(CH2)/(C7C-H7C, H′7C-C7C) 2836
]as(CH2)/(C6C-H6C, H′6C-C6C) 2828
]s(CH2)/(C6C-H6C, H′6C-C6C) 2752
]s(CH2)/(C7C-H7C, H′7C-C7C) 2739
](CH)/(C2-H2) 2706 2663
]s(COOH) + ]s(OH)/(C9C-O1C, O2C-C8C), (O3C-H3C, H4C-O4C) 1785

1774]as(COOH) + ]as(OH)/(C9C-O1C, O2C-C8C), (O3C-H3C, H4C-O4C) 1783
]as(CN)/(C1-N1, N2-C1) 1756
]as(CN) + ](CC) + ](CN)/(C1-N1, N2-C5), (C6C-C4), (N2-C4) 1679 1662]s(CN) + ](C�C) + ](CC)/(C1-N1, N2-C1), (C2-C3), (C3-C10C), (C4-N2) 1642
ct(CH2) + ](CN)/(C5-H5, H′5-C5), (N1-C3) 1510 1576
ct(CH2) + ](CN)/(C4-H4, H′4-C4), (N2-C2) 1476 1561
δsc(CH2) + δsc(CH3)/(C4-H4, H′4-C4), (C6C-H6C,H′6C-C6C), (C10C-H10C, C10C-H″10C) 1434 1468
c(CH3)/(C10C-H′10C) 1398 1393
δ(CH) + ct(CH2) + δ(NCHN)/(C2-H2) + (C4-H4, H′4-C4)+(C5-H5, H′5-C5) + (C1-H1) 1305 1317
δ(OH) + ](CO)/(O4C-H4C), (C8C-O4C) 1259 1282
δ(CH) + ](CC) + ](CN)/(C1-H1), (C2-H2), (C3-C10C), (N2-C4) 1239 1235δ(CH) + ](CC) + ]s (CN)/(C1-H1), (C2-H2), (C3-C10C), (N2-C4,C5-N1) 1221
ct(CH2)/(C4-H4, H′4-C4), (C6C-H6C, H′6C-C6C) 1191 1199
ct(CH2)/(C5-H5, H′5-C5), (C7C-H7C, H′7C-C7C) 1181
cw(CH2) + δ(OH)/(C6C-H6C, H′6C-C6C), (O4C-H4C) 1149 1157
cw(CH2) + δ(OH)/(C7C-H7C, H′7C-C7C), (O3C-H3C) 1139
](CC)/(C5-C7C) 1086 1099](CC)/(C4-C6C) 1074
δ(CH3)/(C10-H10C, C10-H′10C, C10-H″10C) 1046 1031
c(CH3) + c(NCHN)+ c(CH)/(C10-H10C, C10-H’10C, C10-H″10C), (C1-H1), (C2-H2) 953 990
cw(CH2) + δr(CH2)/(C6C-H6C, H′6C-C6C), (C4-H4, H′4-C4) 940 931
](CC) + δr(CH2)/(C3-C10), (C7C-C9C), (C4-H4, H′4-C4), (C6C-H6C, H′6C-C6C) 807 836
c(NCHN)/(C1-H1) 786
ct(C�C) + δ(OH)/(N2-C2, C3-N1) + (O4C-H4C) 624 629
δ(OH)/(O4C-H4C) 470 462δ(OH)/(O3C-H3C) 424
], stretching; δ, in-plane bending; c, out-of-plane bending; s, symmetric; as, asymmetric; sc, scissoring; r, rocking; t, twisting; w, wagging.
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different bacteria and yeast, as mentioned in Section 2.3.1.
Figures 2(a) and 3(b) show the inhibitory effects of the
various concentrations of the LA and LB on Candida albicans
ATCC 10231 and Bacillus cereus ATCC 11778 (Gram
positive) together with that of the antibiotic controls. ,eir
effects on Escherichia coli O157:H7 (Gram negative),
Escherichia coli ATCC 25922, Salmonella typhimurium

ATCC 14028, Staphylococcus aureus ATCC 25923, and
Listeria monocytogenesATCC 19115 are excluded because of
their very weak efficacy in comparison with that of the
antibiotic control. Although the absorbance measurements
involve some statistical errors, LA showed better inhibition
than the antibiotic on Bacillus cereus ATCC 11778, while
both chemicals are effective on the selected bacteria and

Table 6: ,e experimental and theoretical vibrational wave numbers for the infrared spectra of 3-(2-carboxyethyl)-1-(3-aminopropyl)-1H-
imidazol-3-ium bromide (LD) with its symbolled and numbered atoms in Figure 1(d).

Vibrational assignments/vibrating atoms ,eory Experiment
](OH)/(O2D-H2D) 3590 3423]as(NH2)/(N3D-H3D, H′3D-N3D) 3446
](CH2)/(C4-H4) 3381

3222–2666]s(NH2)/(N3D-H3D, H′3D-N3D) 3370
](CH2)/(C5-H5) 3154
](CH2)/(C8D-H8D) 3152

—

](NCHN)/(C1-H1) 2995
](CH2)/(C6D-H6D) 2890
]s(CH)/(C2-H2, H3-C3) 2857
]as(CH2)/(C7D-H7D, H′7D-C7D) 2850
]as(CH) + ]s(CH2)/(C2-H2, H3-C3), (C5-H5, H′5-C5) 2828
]s(CH2)/(C7D-H7D, H′7D-C7D) 2789
](CH2)/(C4-H′4) 2752
](CH2)/(C8D-H′8D) 2709
](COOH)/(C9D-O1D) 1728 1745
]s(CN) + ](C�C)/(C1-N1, N2-C1), (C2-C3) 1668 1642
]as(CN) + δr(CH)/(C1-N1, N2-C1), (C2-H2, H3-C3) 1601 1585δsc(NH2)/(N3D-H3D, H′3D-N3D) 1582
]s(CN)/(C1-N1, N2-C1) 1468 1470δsc(CH2)/(C6D-H6D, H′6D-C6D) 1454
δsc(CH2)/(C8D-H8D, H′8D-C8D) 1443

1419δsc(CH2) + cw(CH2)/(C5-H5, H′5-C5), (C7D-H7D, H′7D-C7D) 1430
δsc(CH2)/(C4-H4, H′4-C4) 1423
cw(CH2) + ](CC) + ](CO)/(C7D-H7D, H′7D-C7D), (C7D-C9D) + (C9D-O2D) 1417

1354δsc(CH2)/(C7D-H7D, H′7D-C7D) 1404
δ(NCHN)+ δr(CH)/(C1-H1), (C2-H2, H3-C3) 1372
cw(CH2) + ](CC)/(C4-H4,H′4-C4), (C6D-H6D, H′6D-C6D), (C6D-C8D) 1369
cw(CH2) + ct(NH2)/(C4-H4, H′4-C4), (C6D-H6D,H′6D-C6D), (N3D-H3D,H′3D-N3D) 1348 1318
cw(CH2)/(C5-H5, H′5-C5), (C7D-H7D, H′7D-C7D) 1344
δr(CH) + ct(CH2) + cw(CH2)/(C2-H2, H3-C3), (C5-H5, H′5-C5), (C8D-H8D, H′8D-C8D) 1314

1297δ(NCHN)+ δr(CH) + δ(OH)/(C1-H1), (C2-H2, H3-C3), (O2D-H2D) 1298
cw(CH2) + δ(OH)/(C7D-H7D, H′7D-C7D), (O2D-H2D) 1283
ct(NH2) + ct(CH2)/(N3D-H3D, H′3D-N3D), (C6D-H6D, H′6D-C6D) 1266 1225
ct(NH2)/(N3D-H3D, H′3D-N3D) 1209
δsc(CH) + δ(CH) + ct(CH2)/(C2-H2, H3-C3), (C1-H1), (C4-H4, H′4-C4) 1178 1174
δsc(CH)/(C2-H2, H3-C3) 1148 1119δ(NCHN)+ cw(CH2) + δ(OH)/(C1-H1), (C7D-H7D,H′7D-C7D), (O2D-H2D) 1139
δ(NCHN)+ ct(CH2) + ct(NH2)/(C1-H1), (C5-H5, H′5-C5), (N3D-H3D, H′3D-N3D) 1111 1098
ct(NH2) + δsc(CH) + ]as(CN)/(N3D-H3D, H′3D-N3D), (C2-H2,H3-C3), (C4-N2, N1-C5) 1070 1069
](CC)/(C5-C7D) 1037 1033
cw(NH2) + ](CC) + ](CN)/(N3D-H3D,H′3D-N3D), (C6D-C4), (C4-N2) 1034
ct(CH)/(C2-H2,H3-C3) 973

976cw(CH2) + δr(CH2) + δ(OH)/(C7D-H7D,H′7D-C7D), (C5-H5, H′5-C5), (O2D-H2D) 960
ct(NH2) + ](CC)/(N3D-H3D, H′3D-N3D), (C6D-C8D) 948
c(NCHN)+ cw(CH)/(C1-H1), (C2-H2,H3-C3) 918 954
ct(NH2) + ](CN) + δr(CH2)/(N3D-H3D, H′3D-N3D), (N3D-C8D), (C6D-H6D, H′6D-C6D) 818 846
]s(CC) + ](CO) + δ(OH)/(C5-C7D,C7D-C9D), (C9D-O2D), (O2D-H2D) 801 767
ct(C�C) + δ(OH)/(C2-C3), (O2D-H2D) 663 637
δ(OH) + δr(CH2)/(O2D-H2D), (C7D-H7D, H′7D-C7D) 530 —
], stretching; δ, in-plane bending; c, out-of-plane bending; s, symmetric; as, asymmetric; sc, scissoring; r, rocking; t, twisting; w, wagging.
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yeast as much as the antibiotics. LC and LD show no no-
ticeable inhibitory e�ects on the target bacteria, and thus,
their absorbance values as function of their concentration
were not given for the sake of brevity.

Figure 3(a) shows the cytotoxic activity of LC on HeLa
and Hep G2 cell lines against healthy MEF cell lines, as does
Figure 3(b) for the cytotoxic activity of LD. �e cytotoxic
activities of LA and LB are not exhibited as they showed lesser
cytotoxic activities in comparison with LC and LD. �e
percentage cell viability of HeLa and Hep G2 cell lines was
signi�cantly reduced by LC and LD at the end of 24 hr ap-
plication of the doses. In addition, LC did not harm the
healthy MEF cell lines for any dose so that its half inhibitory
concentrations (IC50) cannot be calculated. Meantime, LD

showed some activity on the MEF cells with the high doses
together with the fact that the activity was not as strong as it
did on the cancer cell lines.

�e antibacterial and cytotoxic e�ectiveness of the syn-
thesized molecules are summarized in Table 7 by presenting
their IC50 concentrations in the units of µM on the bacteria
together with the IC50 values of the antibiotics and on the
cancer cell lines. �e lack of the IC50 values of LC and LD for
antibacterial activity in Table 7 indicates that the IC50 values of
them cannot be calculated due to their very weak e�ect on the
bacteria sample within the dose range considered. LA and LB
were, respectively, thrice and twice more e�ective on Bacillus
cereus than the antibiotic (gentamicin) as the LA equals the
antibiotic (amphotericin-b) e�ect on Candida albicans.

Table 7: Half inhibition concentrations of the molecules on the selected bacteria and cancer cell lines.

Antibacterial activity IC50 (µM) Cytotoxic activity IC50 (µM)
Escherichia coli O157:H7 Candida albicans Bacillus cereus HeLa Hep G2 MEF

LA 32 30 17 316 100 —
LB 39 156 29 141 182 —
LC — — — 81 150 —
LD — — — 167 57 —
Antibiotic 10 30 56 — — —
LA, 1,3-bis(2-hydroxyethyl) imidazolidinium bromide; LB, 3-(2-ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide; LC, 1,3-bis(2-car-
boxyethyl)-4-methyl-1H-imidazol-3-ium bromide; LD 3-(2-carboxyethyl)-1-(3-aminopropyl)-1H-imidazol-3-ium bromide; IC50, half inhibitory concen-
trations; HeLa, human cervical cancer cell line; Hep G2, human liver cancer cell line; MEF, healthy mouse embryonic �broblast cell line.
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Figure 2: (a) �e antibacterial activity on Candida albicans. �e �rst bars on the left are for the commercial antibiotic inhibition for each
dose.�e second bars are for 1,3-bis(2-hydroxyethyl) imidazolidinium bromide (LA), and the third bars are for 3-(2-ethoxy-2-oxoethly)-1-
(3-aminopropyl)-1H-imidazol-3-ium bromide (LB), (b) same as in Figure 2(a), but for the antibacterial activity on Bacillus cereus.
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Figure 3: (a)�e cytotoxicity of 1,3-bis(2-carboxyethyl)-4-methyl-1H-imidazol-3-ium bromide. �e �rst bars represent the e�ect on healthy
mouse embryonic �broblast cell line for each dose, as do the second bars on human cervical cancer cell line, and the third bars on human
liver cancer cell line, (b) same as in Figure 3(a), but for the cytotoxicity of 3-(2-carboxyethyl)-1-(3-aminopropyl)-1H-imidazol-3-ium
bromide.
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,e cell viability assay of the chemicals exhibits no
harmful effect on the healthy MEF cell lines as their IC50
values cannot be calculated within the dose range considered.
,e LC inhibition on HeLa and the LD inhibition on Hep G2
are distinctive when they are compared with the inhibition of
the other imidazole-based chemicals on different cancer cell
lines in the concerning studies. ,e IC50 values of the LC on
HeLa and the LD on Hep G2 were 81µM and 57 µM, re-
spectively.,e similar imidazole compounds which have alkyl
moieties were tested on the cancer cells different from the cells
used in this study [8]. ,e IC50 values of 1-(benzofuran-2-yl
(phenyl)methyl)-3-allyl-2-ethyl-1H-imidazol-3-ium bromide
and 1-(benzofuran-2-yl(phenyl)methyl)-3-butyl-2-ethyl-1H-
imidazol-3-ium iodide on leukemia (HL-60), lung carci-
noma (A549), colon carcinoma (SW480), breast carcinoma
(MCF-7), and myeloid liver carcinoma (SMMC-7721) cancer
lines have been detected over 40 µM. Additionally, the IC50
activity of 3β-hydroxy-21-(1H-imidazol-1-yl)pregna-5,16-
dien-20-one on prostate cancer (PC-3), breast cancer (MCF7),
and lung cancer (SK-LU- 1) were 20 µM, 19 µM, and 18 µM,
respectively [7]. ,ese results are quantitatively better than
81 µM and 57 µM on Hep G2 and HeLa. However, this is
compensated by the fact that the LC and LD have not any
harmful effect on the healthy MEF cell lines.

4. Conclusions

Novel imidazole salts, or N-heterocyclic carbene ligands,
namely, 1,3-bis(2-hydroxyethyl) imidazolidinium bromide LA,
3-(2-ethoxy-2-oxoethly)-1-(3-aminopropyl)-1H-imidazol-3-ium
bromide LB, 1,3-bis(2-carboxyethyl)-4-methyl-1H-imidazol-3-
ium bromide LC, and 3-(2-carboxyethyl)-1-(3-aminopropyl)-
1H-imidazol-3-ium bromide LD were synthesized, and they
were preliminary confirmed by GC-MS and elemental analysis
methods. ,eir molecular structures were theoretically de-
termined, and they were confirmed by comparing calculated 1H,
13C NMR, and IR spectra with those of experimentally observed
data. Also, the calculated structures were verified by the XRD
results on a similar imidazole salt [22].

,e antimicrobial and cytotoxic activities of the syn-
thesized ligands on some specific bacteria and cancer cell
lines were measured using spectrophotometric methods. It is
seen that LA showed better inhibition than the selected
antibiotic on Bacillus cereus ATCC 11778 while it is effective
on the selected bacteria and the yeast together with LB. On
the cytotoxicity evaluation, LC showed considerable in-
hibition effect on HeLa, as does LD on Hep G2. Although
their IC50 doses are quite high in comparison with the
similar chemicals in the literature, the cytotoxicity of LC and
LD is affirmed by not causing harmful effect on the healthy
MEF cells as much as they do on the cancel cell lines.
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New organic salts were synthesized by quaternizing 1,10-phenanthroline using 1-bromotetradecane. %e first step yielded an
organic salt of formula [C26H37N2]Br. Anion exchange reaction using Li[(CF3SO2)2N] resulted in a more stable salt of formula
[C26H37N2][(CF3SO2)2N]. %e organic salts were investigated by spectrometry (1H, 13C, 19F NMR, X-ray photoelectron spec-
troscopy (XPS), UV-Vis, and matrix-assisted laser desorption/ionization mass spectroscopy (MALDI MS), CHNSBr elemental
analysis, and thermal analysis (TGA and DSC). %e thermal characterization showed the melting and decomposition points of
[C26H37N2][(CF3SO2)2N] to be 48°C and 290°C, respectively, which indicates it is an ionic liquid with large liquidus range. %e
biological activities of the salts were investigated against two Gram-positive (Staphylococcus aureus and Streptococcus pyogenes)
and two Gram-negative (Escherichia coli and Klebsiella pneumoniae) bacteria, and they are found to be active against all of them.
%ey were compared with [Cu(1,10-phenanthroline)2Cl]Cl. %ey are found more active against the Gram-negative bacteria. %e
salts demonstrated minimum inhibitory concentration as low as 50 µg/L. %ese results suggest the synthesized salts can be
considered as a better alternative to certain transition metal complex drugs.%is minimizes the concern of introducing metal ions
into the organism.

1. Introduction

Nucleic acids play a central role in critical cellular processes
including cell division and protein expression [1]. %erefore,
they are very attractive targets for small molecule therapeutics
[2]. Most biological processes are reliant upon molecular
recognition and the reversible interactions of one set of
molecules with another [3, 4]. Failure in these activities results
in malfunctions in cell replication or gene expression. %is
could be controlled bymodulating nucleic acid activity through
use of sequence- or structure-specific drugs. Such compounds
would have a direct and beneficial role in the treatment of
major diseases [5]. Compounds that have the potential to be
clinically useful are normally either intercalators, groove
binders, or capable of external electrostatic interaction to DNA
[6]. In this regard, aromatic molecules with rigid planar or
approximately planar aromatic ring structure systems are the
primary choices [7–9]. One such biologically active moiety is
1,10-phenanthroline. However,molecular 1,10-phenanthroline

removes metal ions from biological systems using its conve-
niently placed coordinating two nitrogen atoms. %is is
expressed by the inhibition of metalloenzymes removing metal
ions required for catalytic activity [10, 11]. %erefore, one
present strategy in the field of pharmacological research is
coordinating 1,10-phenanthroline with transition metal ions to
make its nitrogen atoms unavailable for denaturation [12–15].
Furthermore, this activity enhances the medicinal activity of
transition metal complexes [16, 17]. Based on this, many
transition metal complexes of 1,10-phenanthroline have been
found exhibiting numerous biological activities such as anti-
viral [18, 19], anti-inflammatory, antitumor [20], anti-Candida
[21], antimycobacterial [22], and antimicrobial [23] activity
upon binding to DNA. For example, [bis(1,10-phenanthroline)
L2copper(II)] (L� cis-5-norbornene-endo-2, 3-dicarboxylic
acid; 2,2′-bipyridine; dicyanamide, adenine, and thymine) is
well known for its numerous biological activities such as anti-
Candida [21], antimycobacterial, and antimicrobial [23] ac-
tivity. Its activity is believed to emerge from an efficient DNA

12

__________________________ WORLD TECHNOLOGIES __________________________

mailto:atakiltabebe1@gmail.com
http://orcid.org/0000-0002-5496-664X
https://doi.org/10.1155/2018/8097483


WT

cleavage activity [24]. However, their rigid three-dimensional
structures allow intercalation of the coordinated 1,10-phenan-
throline only partially in the major groove of the DNA strand.
%e latter diminishes the activity of the complex [25, 26].

In this work, an alternative to the employment of transition
metal complexes of 1,10-phenanthroline for transportation of
1,10-phenanthroline to the cellular target is described. %is is
achieved by quaternizing one of the nitrogen atoms in 1,10-
phenanthroline using 1-bromo-tetradecane which produces
N-tetradecyl-1,10-phenanthrolinium bromide organic salt. %is
results in an amphiphilic, serpent-like, flat head cation. %e
amphiphilicity is a consequence of the combined effects of the
hydrophobic alkyl chain and the positive charge delocalized
throughout the aromatic ring portion of 1,10-phenanthroline
[27]. Moreover, its required flat structure is retained intact.
%is possibly results a complete intercalation in both the
major and minor grooves of DNA.%e bromide is exchanged
with the lipophilic bis(trifluoromethylsulfonyl) imide,
[(CF3SO2)2N]−, which compounds the penetration of the salt
through the lipophilic cell membrane and cell wall which
maximizes the biological activity of the salt. Furthermore, the
biological activities of these organic salts will be compared
with chloro-bis(1,10-phenanthroline)copper(II) chloride. In
this comparison, the number of 1,10-phenanthroline moieties
in both systems would be made equal. %e synthesis of the
organic salt from 1,10-phenanthroline is described in the
experimental section. %e synthesis of the copper complex
was carried out following reported procedures [28].

2. Experimental

2.1. Materials and Methods. Chemicals used in this work
include 1,10-phenanthroline monohydrate and lithium bis
(trifluoromethanesulfonyl) imide obtained from Alfa Aesar.
1-Bromotetradecane, 1,4-dioxane, and all the solvents used
were obtained from Sigma-Aldrich and used as received.

%e prepared compounds were characterized by their 1H
NMR, 13C NMR, and 19F NMR spectra which were recorded
on a 400MHz Bruker 400 Ultrashield NMR with operating
frequencies 270MHz (1H), 68MHz (13C), and 376MHz (19F).
Chemical shifts (δ) are reported in parts per million (ppm)
with reference to residual traces in the commercial deuterated
solvent, dimethyl sulfoxide (CD3)2SO (δH 2.54, (δC 40.45)), at
ambient temperature. Coupling constants (J) are given in Hz.
%e electronic environment of the component atoms of the
cation, [C26H37N2]1+, and the anion, bistrifluorosulfonyl
imide ([(CF3SO2)2N]−), were investigated using ultra-high
vacuum (UHV) characterization using X-ray photoelectron
spectroscopy (XPS). We followed the method of Men et al.
[29]. %e X-ray photoelectron spectra were recorded using
a Kratos Axis Ultra spectrometer employing a focused,
monochromated Al Kα source (h]� 1486.6 eV), hybrid
(magnetic/electrostatic) optics, hemispherical analyzer, and
a multichannel plate and delay line detector (DLD) with an
X-ray incident angle of 0° (relative to the surface normal).%e
spectrum was processed without charge correction. %e in-
formation depth (ID) of these experiments may be defined as
the depth, within the sample, from which 95% of the mea-
sured signal will originate. ID is assumed to vary mainly with

cos θ, where θ is the electron emission angle relative to the
surface normal. ID� 7–9 nm and the data obtained may be
considered as a representative of the bulk composition. X-ray
gun power was set to 100W. All spectra were recorded using
an entrance aperture of 300× 700 μm with pass energy of
80 eV for survey spectra and 20 eV for high-resolution
spectra. %e instrument sensitivity was 7.5×105 counts·s−1

while measuring the Ag 3d5/2 photoemission peak for a clean
Ag sample recorded at a pass energy of 20 eV and 450W
emission power. Ag 3d5/2 full width at half maximum
(FWHM) was 0.55 eV for the same instrument settings.
Binding energy calibration was made using Au 4f7/2
(83.96 eV), Ag 3d5/2 (368.21 eV), and Cu 2p3/2 (932.62 eV).
%e absolute error in the acquisition of binding energies is
±0.1 eV, as quoted by the instrument manufacturer (Kratos);
consequently, any binding energy within 0.1 eV can be
considered the same, within the experimental error. %e
absorption wave length in the UV-Vis was recorded using
Cary 60, version 2.00, in the range 800 to 200 nm, with the
UV-Vis scan rate 600 nm/min taking 0.01mM solution.
CHNS elemental analyses were performed with a Flash EA
1112 elemental analyzer (%ermo Quest) taking 15mg
sample. Bromide estimation was conducted taking 100mg
sample dissolved in 40mL distilled water. Excess AgNO3
solution was added for the formation of silver bromide (AgBr)
precipitate. %en the cruddy white precipitate formed was
filtered, dried in an oven, and the amount of bromide was
calculated from the weight difference. Matrix-assisted laser
desorption/ionization mass spectrometry (MALDI-MS) in
the reflectron mode was performed in a Bruker Ultraflex
III for the investigation of the cation and anions. %e
matrix used was trans-2[3-(4-tert-butylphenyl)-2-methyl-
2-propenylidene] malononitrile, commonly referred to as
DCTB. %e sample solution and the DCTB in acetonitrile
were mixed together to give about 10 : 1 excess of matrix.
0.5 µL of this mixture was spotted onto a stainless steel
target plate and allowed to evaporate to dryness before
introduction into the mass spectrometer. %e laser operates
at a wavelength of 337 nm. Calibration of the data was
performed in the FlexControl software.

2.2. Synthesis of [C26H37N2]Br. %e coordinated water in
1,10-phenanthroline monohydrate was removed heating in
an oven at 105°C for 2 h. 1-Bromotetradecane dissolved
in 1,4-dioxane was added from a dropping funnel to a molar
equivalent 1,4-dioxane solution of 1,10-phenanthroline in
a 100ml two-necked round-bottomed flask fitted to the
reflux condenser and guarded from moisture using CaCl2,
being stirred in an oil bath at 50°C for 36 h. %e completion
of the reaction was followed up using thin-layer chroma-
tography (TLC). Gray precipitate was obtained and washed
thoroughly with 1,4-dioxane three times.

2.3.1Hand 13CofC26H37N2]Br. 1H NMR (270MHz, DMSO-
d6) δ ppm: 0.81 (s, 3H), 1.19 (s, 18H), 1.34 (br. s., 2H), 1.48
(br. s., 2H), 2.07 (s, 2H), 5.89 (br. s., 2H), 8.07 (s, 1H), 8.43 (s,
3H), 8.80 (s, 1H), 9.27 (s, 1H), 9.44 (dd, J� 8.19, 1.31Hz, 1H),
and 9.70 (dd, J� 5.92, 1.38Hz, 1H).
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13CNMR (68MHz, DMSO-d6) δ ppm:14.49 (s, 1C), 22.64
(s, 1C), 26.27 (s, 1C), 29.11 (s, 1C), 29.25 (s, 1C), 29.44 (s, 1C),
29.58 (s, 2C), 31.57 (s, 1C), 31.84 (s, 1C), 63.92 (s, 1C), 125.19
(s, 1C), 125.91 (s, 1C), 127.72 (s, 1C), 131.10 (s, 1C), 132.23 (s,
1C), 133.16 (s, 1C), 136.94 (s, 1C), 138.52 (s, 1C), 140.15 (s, 1C),
147.59 (s, 1C), 150.45 (s, 1C), and 151.46 (s, 1C).

Spectra are indicated in Supporting information 1(a) and 1(b).

2.4. Synthesis of [C26H37N2][(CF3SO2)2N]. %e halide anion
was exchanged with (CF3SO2)2N− by dissolving [C26H37N2]Br
in deionized water in round-bottomed flask at 70°C to which
slightly excess from equimolar amount solution of LiN(CF3SO2)2
was added dropwise. A separate phase viscous liquid following
the formation of white suspension was formed. %e viscous
liquid was decanted, washed thoroughly at 70°C, and dried in
vacuum.%e viscous mass was solidified after several days.%e
path of the synthesis is indicated in Scheme 1.

2.5. 1H, 13C, and 19F NMR of [C26H37N2][(CF3SO2)2N].
1H NMR (270MHz, DMSO-d6) δ ppm: 0.83 (t, J� 6.20Hz,
3H), 1.21 (s, 18H), 1.35 (d, J� 6.47Hz, 2H), 1.52 (br. s., 2H),
2.06 (d, J� 7.71Hz, 2H), 5.80–5.98 (m, 2H), 7.99–8.11 (m,
1H), 8.32–8.54 (m, 3H), 8.74–8.86 (m, 1H), 9.30 (dd, J� 4.06,
1.58Hz, 1H), 9.39 (d, J� 7.71Hz, 1H), and 9.62 (d,
J� 5.65Hz, 1H).

13C NMR (68MHz, DMSO-d6) δ ppm: 14.47 (s, 1C),
22.63 (s, 1C), 26.28 (s, 1C), 28.43–29.99 (m, 4C), 31.41–32.69
(m, 2C), 64.01 (s, 1C), 112.92–127.15 (q, 1C), 125.14 (s, 1C),
125.22–126.21 (m, 1C), 126.92–127.35 (m, 1C), 127.77–
128.34 (m, 1C), 130.47–131.60 (m, 1C), 132.03–132.74 (m,
1C), 133.20 (s, 1C), 136.71–137.71 (m, 1C), 138.13–139.12
(m, 1C), 140.19 (s, 1C), 147.58 (s, 1C), 150.19–151.05 (m,
1C), and 151.39 (s, 1C).

Spectra are indicated in Supporting information 1(c)
and 1(d).

19F NMR (376MHz, DMSO-d6) δ ppm: −78.75 (s, 1 F).
Spectra are indicated in Supporting information 1(e).

2.6. Antibacterial Activity Testing. %e organic salts were
evaluated for in vitro antibacterial activities against strains of
two Gram-positive (S. aureus and S. pyogenes) and two Gram-
negative (E. coli and K. pneumoniae) bacteria. We followed
the methods of Lawal et al. [30]. %e bacterial strains were
maintained in the appropriate blood agar base at 4°C. Antibiotic
disc (gentamicin 10 μg) was used as a reference. %e mini-
mum inhibitory concentration (MIC) against each bacterium
was determined by preparing ethanolic solutions of different
concentrations of the salts by serial dilution (50μg/mL, 75μg/mL,
100μg/mL, 125μg/mL, 150μg/mL, 175μg/mL, and 200μg/mL).

3. Results and Discussions

%e salts are stable in air.%ey are soluble methanol, ethanol,
acetonitrile, acetone, dichloromethane, and DMSO. %e
bromide salt dissolves in water as well. Elemental analyses
value is in agreement with the assigned formulae. %e ele-
mental analysis values are given in Table 1.

3.1. 1H, 13C, and 19F NMR Results. 1,10-Phenanthroline is
a symmetric molecule that shows four types of protons and
six types of carbon atoms in the aromatic region of its 1HNMR
and 13C NMR spectra, respectively. However, following the
quaternization reaction, it loses its symmetry evident from the
appearance of eight types of protons and twelve types of
carbons in this region. %is new characteristic feature helps in
the identification of the new salt. Moreover, the upfield ap-
pearance of fourteen types of protons and fourteen types of
carbons and the number of alkyl protons of each type identified
using their integration taking aromatic protons as references is
a strong confirmation for the occurrence of quaternization
(Supporting information 1(a)–1(d)). However, the possibility
of di-quaternization of 1,10-phenanthroline is ruled out
due to the steric hindrance of one of the nitrogen atoms
after the first quaternization [31]. %e successful anion
exchange performed to get the intended salt is evident from
the appearance of four new peaks in 13C NMR at δ ppm
112.92–127.15 assignable to the carbon in [(CF3SO2)2N]−
(Supporting information 1(d)). It is quartet because of the
coupling with the bonded fluorine atoms. Moreover, the
single strong peak signaled in the 19F NMR is an additional
confirmation for the purity of the salt and the successful
anion exchange reaction (Supporting information 1(e)).

3.2. XP Spectroscopy Results. X-ray photoelectron spec-
troscopy is very reliable in confirming purity. %e survey
spectrum (Figure 1(a)) signaled only those elements ex-
pected from [C26H37N2][(CF3SO2)2N] in the appropriate
percentage. %is strongly supports the CHNS elemental
analysis result.

3.3. Wide-Scan XPS Spectra: >e Electronic Environments of
the Component Atoms of [C26H37N2][(CF3SO2)2N]. In
[C26H37N2][(CF3SO2)2N], there are 28 C atoms whose type
of electronic environment is differentiated into five groups
as CF3, C1+2, C3, C4 +C5, and CAlkyl. %eir corresponding
binding energies are 293.00, 286.90, 286.30, 285.70, and
285.00 eV, respectively (Figure 1(b)). %e N 1s XP spectrum
contains three characteristic peaks. %e peak at higher
binding energy, 402.20 eV, is assigned to the alkylated ni-
trogen of the cation, NCation, while the peak at lower binding
energy whose peak is nearly twice the former represents
enveloped two nitrogenes, the unalkylated nitrogen, N′Cation
(399.52 eV), of the cation and that of the anion,
[(CF3SO2)2N]− (399.35 eV) (Figure 1(c)). Fluorine, oxygen,
and sulfur of these compounds each show a single electronic
environment (Figures 1(d)–1(f)). %is is because of the
obvious reason that the six fluorine atoms are chemically
indistinguishable. %is fact works the same for the four
oxygen atoms and the two sulfur atoms. %e sulfur signal is
a doublet due to spin-orbit splitting.

3.4. Mass Spectra. %e matrix-assisted laser desorption/
ionization (MALDI MS) spectra of [C29H37N2][(CF3SO2)N]
were recorded for both the cation and anion targeting the
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cation and anion, respectively (Figure 2). %e obtained mo-
lecular ion peaks for the cation appeared at m/z 377.2956
confirmed the quaternization of 1,10-phenanthroline with 1-
bromotetradecane and the acquisition of the intended salt with
the proposed formula (Figure 2(a)). Moreover, the recorded
molecular ion peak for the anion appeared at m/e 279.9165
confirmed the successful anion exchange and isolation of pure
salt (Figure 2(b)).

3.5.UV-Vis Spectra. In addition to XPS, UV-Vis spectroscopy
was employed to investigate the electronic environments of
the final product and the starting of 1,10-phenanthroline to
confirm the successful monoquaternization. %e UV-Vis spec-
trum of 1,10-phenanthroline shows bands at 229nm and 264nm
corresponding to n→ π∗ and π→ π∗ transitions, respectively.
Following the quaternization, these bands appeared shifted to
215 nm and 274 nm, respectively (Figure 3). %is is because,
the quaternization involves the nonbonding electron in the
bonding, thereby lowers the energy. %e latter increases the
energy gap between the nonbonding and the π∗ orbitals. On
the other hand, the quaternization develops a delocalized

positive charge in the ring system that increases the energy of
the π orbitals. Subsequently, it decreases the energy gap
between π and π∗ orbitals.

3.6.>ermalProperties. %e response obtained from heating
of the samples clearly demonstrated the influence of the
anion on the nature of the salt produced. %e cation is large
in size over which the monopositive charge is highly
delocalized over the entire aromatic portion. %is makes it
classified as a soft acid.%e increase in the size of the counter
mono-charged anion increases the extent of its softness [32].
In [C26H37N2]Br, the soft cation is coupled with a relatively
hard anion which creates incompatibility in their interaction
that made the salt relatively unstable. Because of this, it
showed decomposition without melting, starting around
129.72°C. %is is the consequence of the localized negative
charge on the bromide that easily attacks the cation which
creates relative instability [33]. On the other hand, the
coupling of the soft cation with a relatively softer base in
[C26H37N2][(CF3SO2)2N] resulted in thermally stable salt.
%is is expressed by its higher decomposition point which

Table 1: CHNBrS elemental analysis measurements.

Compound
Elemental estimation
Calculated (found) (%)

H C N Br S
[C26H37N2]Br 8.10 (7.98) 68.27 (68.04) 6.13 (6.00) 17.51 (17.28) —
[C26H37 N2][(CF3SO2)2N] 5.67 (5.64) 51.14 (51.01) 6.39 (6.28) — 9.74 (9.59)

N N

H H

O

H2O

Oven, 105°C
N N

CH3(CH2)12CH2Br

1,4-Dioxane, oil bath
50°C, stirring, 36 h N N

12

+

Br–

Li[(CF3SO2)2N]
distilled water
70°C stirring LiBr

N N

12

+

N–
S S

O

O

O

O
F3C CF3

Scheme 1: Synthesis path of the salts.
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started at around 244°C (Table 2 and Supporting information
2(b) and 3). Furthermore, the cation and anion are both
unsymmetrical that they hinder the crystalline packing of the
salt. %is fact significantly reduced the melting point to
48.77°C. %e latter property makes it to be classified as a new
ionic liquid, and the wide gap between its melting and de-
composition temperatures gives [C26H37N2][(CF3SO2)2N], an
attractive feature for potential applications such as electro-
chemistry [31, 34, 35] (Supporting information 2(b) and 3 and
Table 2). Moreover, [C26H37N2][(CF3SO2)2N] typically
demonstrated substantial supercooling as its freezing point is
significantly lower than the melting point (−11.28 to 48.77°C)
(Supporting information 3 and Table 2).

3.7. Antibacterial Screening. %e compounds were tested for
their in vitro antimicrobial activity and were compared with

the commercially available gentamicin. %ey were tested
against two Gram-positive (S. aureus and S. pyogenes) and
twoGram-negative (E. coli andK. pneumoniae) bacteria, and
they all were found active against all the tested pathogens
(Figure 4). %e synthesized compounds, the metal complex,
and gentamicin showed less activities than the molecular
1,10-phenanthroline against all the bacteria. %e metal
complex, [Cu(Phen)2Cl]Cl, showed better activities than the
organic salts and gentamicin against the Gram-positive
bacteria (S. aureus and S. pyogenes). On the other hand,
the synthesized organic salts demonstrated better activities
than [Cu(Phen)2Cl]Cl against the Gram-negative (E. coli
and K. pneumoniae) bacteria (Figure 4 and Table 3). Fur-
thermore, [C26H37N2][(CF3SO2)2N] is found better than its
precursor, [C26H37N2]Br. %e former statement is encour-
aging because these compounds succeeded in reaching the
target passing two barriers of the Gram-negative bacteria,
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Figure 1: X-ray photoelectron spectrum recorded for (a) survey, (b) wide scan for C1s, (c) wide scan for N1s, (d) wide scan for F1s, (e) wide
scan for O1s, and (f) wide scan for S2p of [C26H37N2][(CF3SO2)2N].
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Figure 3: UV-Vis spectra of 1,10-phenanthroline and [C26H37N2][(CF3SO2)2N].

Table 2: Starting point and onset temperatures with the weight loss curves and melting and crystallization temperatures of the salts.

Compound
Temperature (°C)

Start Onset Glass transition Crystallization Melting
[C26H37N2]Br 129.72 157.41 — — —
[C26H37N2][(CF3SO2)2N] 244.41 290.31 −0.60 −11.28 48.77
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Figure 2: (a) MALDI MS+ and (b) MALDI MS for [C26H37N2][(CF3SO2)2N].
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namely, the cell membrane and the cell wall of even the
highly drug resistant K. pneumoniae. %is is probably due to
the very long and rod-like cation which contained relatively
long lipophilic alkyl chain; its positive charge is highly
delocalized throughout the aromatic ring portion; sub-
sequently, it becomes amphiphilic which increased the cell
permeability. Subsequently, the cell wall and cell membrane
that surrounds the cell favors the passage of salts to reach to
their target [36]. Moreover, significant biological activity

differences are observed between [C26H37N2][(CF3SO2)2N]
and [C26H37N2]Br. %is is attributed to the better pene-
tration of the former into the cellular target due to the
lipophilicity of [(CF3SO2)2N]−. %is is in very good agree-
ment with the solubility experiment result that [C26H37N2]
[(CF3SO2)2N] is soluble only in organic solvents. %e
minimum inhibitory concentration (MIC) values of the salts
are summarized in Table 4. %e result shows that even
though the organic salts show less inhibition zones than the

Table 4: MIC assays of the salts against four bacterial pathogens.

Compound
Minimum concentration of microorganism growth (μg/mL)

Gram-negative bacteria Gram-positive bacteria
E. coli K. pneumoniae S. aureus S. pyogenes

[C26H37 N2]Br 50 50 50 50
[C26H37 N2][(CF3SO2)2N] 50 75 75 75
[Cu(Phen)2Cl]Cl 100 125 75 75

1,10-Phenanthroline

Gentamicin
[C26H37N2][(CF3SO2)2N]

[C26H37N2]Br

[CU(Phen)2Cl]Cl

1,10-Phenanthroline

Gentamicin

[C26H37N2][(CF3SO2)2N]

[C26H37N2]Br

[CU(Phen)2Cl]Cl

1,10-Phenanthroline

Gentamicin

[C26H37N2][(CF3SO2)2N]

[C26H37N2]Br

[CU(Phen)2Cl]Cl

1,10-Phenanthroline

Gentamicin

[C26H37N2][(CF3SO2)2N]

[C26H37N2]Br

[CU(Phen)2Cl]Cl

S. aureus

E. coli K. pneumoniae

S. pyogenes

Figure 4: %e inhibition observed by the actions of the salts.

Table 3: Antibacterial studies of the investigated compounds (inhibition zones).

Compound
Inhibition zone (mm)

Gram-negative bacteria Gram-positive bacteria
E. coli K. pneumoniae S. aureus S. pyogenes

[C26H37 N2]Br 19.75 19.75 16.50 25.00
[C26H37 N2][(CF3SO2)2N] 20.25 20.25 23.50 20.25
Gentamicin 31.25 25.00 26.50 28.25
[Cu(Phen)2Cl]Cl 15.00 17.25 29.75 29.50
1,10-Phenanthroline 36.00 18.75 36.00 31.25
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metal complex against Gram-positive bacteria, they are
found inhibiting at such very small minimum concentra-
tions (Table 4).

4. Conclusions

%e purity and synthesis of the intended salt was confirmed
from the data obtained using all characterization techniques
employed here. %e results demonstrated that the effect of
the anion on the properties of the salt is significant. %is was
revealed on their thermal and antibacterial results.%e result
of the in vitro biological activity studies indicated that the
organic salts are biologically active against all the tested
pathogens. %is result makes them classified as a wide-range
antibacterial agent. %ese organic salts are found better than
the copper complex in their activities against the Gram-
negative bacteria. %is can be considered promising news as
alternative drugs providing the cytotoxicity issue is resolved.
%is can lighten the concern of introducing metal ions into
organisms. %e DSC result showed that [C26H37N2]
[(CF3SO2)2N] is an ionic liquid with large liquidus range.
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[14] I. Turel, A. Golobič, J. Kljun, P. Samastur, U. Batista, and
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Reports about presence and toxicity of Cd2+ in different chemical industrial effluents prompted the researchers to explore some
economical, rapid, sensitive, and accurate methods for its determination and removal from aqueous systems. In continuation of
series of investigations, adsorption of Cd2+ onto the stem of Saccharum arundinaceum is proposed in the present work. Op-
timization of parameters affecting sorption potential of Cd2+ including pH, contact time, temperature, sorbent dose, and
concentration of sorbate was carried out to determine best suited conditions for maximum removal of sorbate. To understand the
nature of sorption process, linear and nonlinear forms of five sorption isotherms including Freundlich and Langmuir models were
employed. Feasibility and viability of sorption process were evaluated by calculating kinetics and thermodynamics of the process,
while error analysis suggested best fitted sorption model on sorption data. .ermodynamic studies demonstrated exothermic
nature of reaction, while kinetic studies suggested pseudo-second order of reaction.

1. Introduction

Environmental pollution should be taken into special con-
sideration because it is a very serious matter affecting every
type of organism at every level. .e most adversely affected
environmental resource is water [1]. As water is an essential
element for the survival of living beings, it is very necessary to
keep it pure and clean [2]. Quality of drinking water is of
prime importance for mankind because waterborne diseases
can decimate population of the whole area. .ese diseases
arise due to toxic release of chemicals from industrial zones
[3]. Particularly in industrial areas, these waterborne diseases
are a great threat towards safety of water supplies. Other
sources which may pollute water include domestic waste,
pesticides run off from agricultural land, metal plating op-
erations, and so on. Key contaminants present in water in-
clude heavy metals, chlorinated hydrocarbons, pathogens,

detergents, pesticides, algal nutrients, trace organic com-
pounds, dyes, and so on. .ese hazardous substances are of
concern because of their ultimate effect on survival of human
life [4]. Heavy metals like Cd, Zn, Ni, and Pb are present in
relatively major amounts in industrial effluents and enter in
rivers and oceans and ultimately pollute groundwater leading
to adverse effects on aquatic life. Metals resist the process of
biodegradability and hence remain in ecosystem, affecting
food chain and human health [5]. In order to provide clean
environment and healthy lifestyle to our coming generations,
it is necessary to remove hazardous pollutants from the
environment. In environmental restoration areas, conven-
tional techniques are practiced to eradicate those pollutants
from the environment which include chemical precipitation,
evaporative method, electrolytic extraction, reverse osmosis,
ion exchange, and electrochemical and membrane processes
[6]. All these methods are costly and produce large amount of
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sludge which is difficult to dispose of. Use of biological
materials for the removal of pollutants from aqueous media is
considered superior to other methods in terms of cost ef-
fectiveness and simple design. It is a surface phenomenon, in
which pollutants get accumulated on the surface of the ad-
sorbent material. Binding nature is based on type of sorbent
and sorbate, but mostly physisorption or chemisorption takes
place [7]. Materials with ease in availability and low cost are
preferred for the purpose. In this context, agrowastes are
considered a significant material for adsorption. Binding
capacity of these materials can be intensified by physical and
chemical treatments and heat therapy [8].

To explore the appropriate adsorbent, it is necessary to
establish equilibrium correlation of sorbent to predict be-
havior of sorbent under different experimental conditions.
.is equilibrium correlation is developed by using equilib-
rium isotherms. .ese isotherms express way of sorbent
interaction with the surface of adsorbent, that is, whether it is
monolayer or multilayer sorption [9]. Similarly, thermody-
namic studies are of prime importance to predict whether the
adsorption is spontaneous or not. Furthermore, it provides
information about suitable temperature range for sorption
and nature of sorbent and sorbate at equilibrium [10].

.e aim of the present research was to explore Saccharum
arundinaceum for adsorption of cadmium under different
operating conditions including pH, contact time, initial
concentration, and temperature..e application of linear and
nonlinear forms of equilibrium isotherms was to determine
appropriate isotherm for the purpose, and thermodynamic
and kinetic studies were performed to check reaction nature
of the adsorption phenomenon. Error analysis based on five
different error functions was also performed.

2. Materials and Methods

2.1. Preparation of Adsorbent. On the basis of literature
survey and indigenous availability of agrowaste materials,
the stem of Saccharum arundinaceum (hardy sugar cane)
was collected from different regions of Sargodha District,
Pakistan. After collection, the sample was properly washed
with deionized water to remove dust and surface impurities.
.e sorbent was initially dried in an open container at room
temperature and later in an electric oven (Model, LEB-1-20)
at 105°C for 24 h to remove all the moisture contents. .e
dried sorbent was ground, and appropriate particle size was
separated by sieves and was stored for further analyses.

2.2.Chemicals. All the chemicals, reagents, and solvents used in
the present work were of analytical reagent grade and purchased
fromMerck (Germany) or Sigma-Aldrich (Germany). Standard
solutions were prepared, and successive dilutions were made
with double-distilled water to make working solutions.

2.3. Pretreatment of Sorbents. Saccharum arundinaceum was
pretreated with HCl (0.1M) and NaOH (0.1M) to evaluate
the effects of acid and base treatments on pore size, that is,
pore area, pore volume, and sorption capacity. For chemical
treatment, the sorbent (20 g) was stirred for 4 h in 1 L solution
of 0.1M NaOH or HCl followed by filtration and extensive

washing with distilled water to remove any traces of acid/base.
After that, the treated sorbent material was dried at 110°C and
stored in airtight zipper bags at −4°C before further use.

2.4.CharacterizationofSorbent. Todetermine different physical
and chemical parameters affecting adsorption, it is necessary
to characterize the sorbent. .erefore, physical and chemical
characterization was done by scanning electron microscopy
(SEM) and Fourier transform infrared spectroscopy (FTIR).

2.4.1. Scanning Electron Microscopy. Surface analysis was
performed using scanning electron microscope JEOL model
2300. SEM provides information about surface area available
for adsorption and morphology of sorbent [11]. Analysis of
each sorbent was carried out in optimized conditions under
argon atmosphere.

2.4.2. Fourier Transform Infrared Spectroscopy. Functional
groups present in structure of sorbent were determined by
Fourier transform infrared spectrophotometer (Model Shimadzu
AIM-8800). .ese functional groups are responsible for
adsorption of sorbate on the surface of sorbent, and their
detection helps in determining the nature of binding inter-
actions between sorbate and sorbent surface [12]. Diffused
reflectance infrared technique (DRIFT) was used for analysis
taking KBr as a background reagent.

2.5. Equilibrium Isotherms. In order to study adsorption
pathway and equilibrium relationship between sorbent and
sorbate, it is necessary to design proper adsorption isotherms.
Isotherms predict the appropriate parameters and behavior of
sorbent towards different sorption systems [13]. In this
context, linear and nonlinear models are utilized using
Microsoft Excel®2007 (equilibrium isotherms applied on the
present work are given in Table 1s of supplementary data).

2.6. Error Functions. In order to determine best fitting of
linear or nonlinear models onto adsorption data, it is
necessary to calculate the error function [14]. .ese error
functions include sum square error, hybrid functional error,
average relative error, sum of absolute error, nonlinear chi-
square, and so on (calculated error functions and their
equations are present in Table 2s of supplementary data).

2.7. 0ermodynamic Investigations. .ermodynamic inves-
tigations are another important parameter of adsorption
studies. For thermodynamic studies, the adsorption experi-
ment was carried out at different temperature conditions and
calculated parameters included enthalpy (ΔH), entropy (ΔS),
and Gibbs free energy (ΔG).

For this purpose, (1)–(3) were applied

ΔG° � ΔH° −TΔS°, (1)

ln KC � −
ΔH
RT

+
ΔS
R

, (2)

ΔG � −RT lnKC, (3)
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where R is the natural gas constant and KC is the constant at
equilibrium and is calculated as

KC �
Ce

1−Ce
. (4)

where Ce is the concentration of sorbent at equilibrium
condition.

2.8. Adsorption Kinetics. In batch adsorption process, ki-
netic studies provide information about optimum condi-
tions, mechanism of sorption, and possible rate controlling
step. For this purpose, linear and nonlinear form of pseudo-
�rst- and pseudo-second-order kinetics is applied on ad-
sorption data [15]. In order to check the e�ect of contact
time (10–70min) on adsorption, initial concentration of
100mg/L for cadmium was prepared and 100ml of this
sample was used for study. Sorbent (0.5 g) was added in this
cadmium solution and applied for shaking at 150 rpm speed.
After �xed interval of time, the sample was removed from
�ask and analyzed for cadmium concentration by atomic
absorption spectrophotometer. �e amount of cadmium
adsorbed at di�erent time intervals was calculated by
employing the following formula:

Qt �
Qo − Qe( )

Wsorbent
× V, (5)

where Qt is the amount of cadmium adsorbed at any time t,
Qo and Qe are initial and equilibrium concentrations, re-
spectively. �e volume of cadmium solution taken is rep-
resented by V(L), and Wsorbent is the amount of sorbent in g.

2.8.1. Pseudo-First-Order Kinetics. In order to calculate
pseudo-�rst-order kinetics for adsorption system, following
equations were used:

ln Qe −Qt( ) � ln Qe( )− k1t linear form,

Qt � Qe 1− e
−k1t

( ) nonlinear form,
(6)

where Qt is the amount adsorbed at time t, Qe is the
equilibrium amount, t is time in minutes, and k1 is the rate
constant.

2.8.2. Pseudo-Second-Order Kinetics. For pseudo-second-
order kinetics, linear and nonlinear forms were applied as
follows:

t

Qt

�
1

k2Q
2
e

+
1

Qe
( )t linear form,

Qt �
k2Q

2
et

1 + k2Qet
nonlinear form.

(7)

3. Results and Discussion

3.1.E�ect ofPretreatment. Pretreatment has promising e�ect
on adsorption potential of Saccharum arundinaceum. Re-
sults reveal that base-treated (97.5%) sorbent shows good
e�ciency for cadmium sorption as compared to raw

(91.15%) and acid-treated (57.6) sorbent as shown in
Figure 1. Adsorption capacity depends upon functional
groups present on the surface of sorbent and its microporous
structure [16]. Increase in sorption capacity by base treat-
ment can be attributed to hydroxyl groups created on the
surface of adsorbent by base treatment or modi�cation of
cell wall components by base [17]. Decrease in adsorption
after acid treatments was found as the binding sites available
on the surface of biosorbent got destructed due to acid [18].
So, base-treated Saccharum arundinaceum was used for
adsorption analysis.

3.2. Characterization of Sorbents. Saccharum arundinaceum
was characterized in terms of surface morphology and
functional group analysis by scanning electron microscopy
and Fourier transform infrared spectroscopy.

3.2.1. Scanning Electron Microscopy. �ree native and two
treated sorbents (acid- and base-treated Saccharum arun-
dinaceum) were analyzed through scanning electron mi-
croscope to study surface morphology. Large pore size
available on the surfaces of native and base-treated sorbent
was responsible for enhanced adsorption on the surface of
these agrowaste materials. Results for SEM analysis are given
in Figure 2. Hollow cavities appear in the structure of raw
adsorbent, which were responsible for binding of sorbate
onto the surface of sorbent. Acid treatment decreases these
cavities by deforming surface of the sorbent, so adsorption
decreases after acid treatment because surface becomes
smooth and thin adsorption layer is formed on the sorbent
surface. Raw and base-treated sorbent surface is found rough
and cylindrical, which make possible multilayer and thick
adsorption on the sorbent surface as compared to smooth
surface. Results obtained in the SEMmicrograph are in good
agreement with reported data [19].

3.2.2. Fourier Transform Infrared Spectroscopy. Fourier
transform infrared spectrometer provides information
about functional groups present on the surface of sorbent
and makes possible attachment of sorbate [20]. FTIR spectra
of sorbent obtained in the range of 4000–450 cm−1 wave-
number and major functional groups present in adsorbent
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Figure 1: E�ect of pretreatment on adsorption capacity of Sac-
charum arundinaceum (0.1M HCl and NaOH treated sorbent, 60
minutes time, and 60 ppm initial concentration).
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are listed in Table 1. A broadband appears in the range of
3000–3700 cm−1 which was due to –OH stretching vibration
of hydroxyl functional groups including hydrogen bonding

because broadband of –OH group in this range is indica-
tion of hydrogen bonding present in the compound. .is
peak appears in raw and base-treated sorbent but disappears

(a)

(b)

(c)

Figure 2: (a) SEM image of raw Saccharum arundinaceum at three different resolutions. (b) SEM image of base-treated Saccharum
arundinaceum at three different resolutions. (c) SEM image of acid-treated Saccharum arundinaceum at three different resolutions.

Table 1: Identified functional groups present in Saccharum arundinaceum by FTIR spectroscopy.

Possible functional groups Raw (cm−1) Base treated (cm−1) Acid treated (cm−1)
–OH stretching 3309–3751 3211–3400
�CH 3294
C–H 2858–2918 (bifurcate) 2910 2922
C�O
Secondary amide 1645 1608 1654.92
–NH
C–O 1107 1222
C–N 1051 1056 1043
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in case of acid treated due to reaction of –OH group
with acid hydrogen. Stretching band of –CH appears in
2900–3000 cm−1 wavenumber range for all sorbents. .e
peak at 1750 cm−1 appears due to C�O and 1200 cm−1 due to
C-O functional group. In some cases, –CN also appears at
1049 cm−1 value. Vibration due to secondary amide appears
at 1645 cm−1 [21]. For adsorption purpose, significant role is
played by –OH group and heteroatoms to attach sorbate on
the surface.

3.3. Adsorption Study. Adsorption study was performed by
the batch adsorption method by varying different parame-
ters including pH, contact time, and initial concentration of
sorbate to find best suited conditions for the removal of
cadmium from aqueous media.

3.3.1. Effect of Contact Time. Contact time was varied from
10 to 100 minutes under neutral conditions with constant
amount of sorbent (1 g), initial concentration (60 ppm), and
shaking speed (150 rpm), and results obtained are shown in
Figure 1s (Supplementary material).

Maximum adsorption was achieved at 60 minutes time
interval and no significant increase found by further increase
in time. Initially, excess of vacant places are available on the
surface of sorbent, and uptake of metal ions was more, so
there was continuous increase in adsorption capacity by
increasing time slot from zero to 60 minutes. But, further
increase could not cause sufficient change in adsorption of
metals as vacant spaces are already filled, and equilibrium is
achieved [22].

3.3.2. Effect of pH. Initial pH of the adsorption system has
significant role in adsorption of sorbate, as it affects the
surface morphology of the sorbent and binding nature of
sorbate. .e range of pH selected was 2–10 with 1 g sorbent
and 60 ppm initial concentration of sorbate. .e result given
in Figure 2s (Supplementary material) reveals the fact that
adsorption capacity is quite low under acidic conditions.
When pH is increased, it causes increase in adsorbed
amount of sorbate on the surface of sorbent. At low pH
value, metals have to compete with H+ ions for adsorption
on sorbent surface since H+ ions are present in excess at that
pH value. But when pH value is raised, it causes significant
increase in adsorption due to attraction developed between
negatively charged surfaces of sorbent by –OH groups and
positively charged metal ions [23]. So, for cadmium, opti-
mum pH range was found from 6 to 8; in this range,
cadmium shows best adsorption behavior. When pH is
further increased, there is decline in adsorption capacity due
to formation of metal hydrides.

3.3.3. Effect of Initial Concentration. Initial concentration of
sorbate is another important parameter, which affects the
adsorption phenomenon. For this purpose, initial concen-
tration of cadmium was varied in range of 10–100 ppm
by keeping all other parameters constant (Figure 3s
Supplementary material).

Rapid increase in adsorption capacity was observed
initially for adsorption of cadmium on Saccharum arundi-
naceum as vacant spaces were available on the surface of
sorbent. So, rise in concentration also raised adsorption of
sorbate on available sites [24]. Adsorbent readily occupies
these adsorption sites, and adsorption capacity has positive
influence of concentration in this range. Further increase in
concentration from 60 to 100 ppm has no significant effect
on adsorption phenomenon. Surface of adsorbent becomes
saturated with sorbate, and after establishment of equilibria,
increase in concentration has no significant influence on
adsorption phenomenon. Previous studies also report that
accommodation for sorbate decreases as concentration is
very high due to unavailability of resident sites [25].

3.3.4. Effect of Temperature. .e effect of temperature on
adsorption was studied by using temperature range 20,
30, 40, and 50°C with pH 6 (Figure 4s) (Supplementary
material). Adsorption of cadmium onto Saccharum arun-
dinaceum agrowaste was found to increase with increase in
temperature. At high temperature, intraparticle diffusion
increases and more adsorption sites are created which boost
up adsorption phenomenon [26].

3.4. Equilibrium Isotherms. Adsorption system can be
designed by adsorption isotherms commonly known as
equilibrium isotherms which represent the amount of solute
adsorbed per unit weight of sorbent [27]. .ese isotherms
use equilibrium concentration of sorbent at constant tem-
perature. In order to remove effluents from the system,
particular design is optimized to generate proper correlation
for experimental data which is called adsorption isotherm.
Researches proposed many isotherms in this regard which
are based on the adsorption system including Langmuir,
Freundlich, Redlich–Peterson, Temkin, and Elovich [28, 29].
Sorption was carried out by employing linear as well as
nonlinear adsorption models by varying initial concentra-
tion from 10 to 100 ppm.

3.4.1. Freundlich Isotherm. Freundlich adsorption isotherm
was developed for the heterogeneous system, and it gives
concept of multilayer adsorption on the surface of sorbent
(Figure 5s Supplementary material).

Parameters calculated for Freundlich isotherm by
employing its linear and nonlinear form are given in Table 4.
Freundlich isothermwas obtained by plotting log Cad versus
log Ce. KF and n are constants obtained from intercept and
slope, respectively. Freundlich adsorption capacity (KF) is an
indicator of a system, whether it is favorable for adsorption
or not. Adsorption is considered promising if value of KF is
found in range of 1–20, and results reveal that in the present
study, KF was 9.5 and 12.2, respectively, for linear and
nonlinear approaches of Freundlich adsorption isotherm.
Similarly, adsorption intensity represented by n indicates
fitness of model for adsorption purposes if value of n is
above 1. Value of R2 obtained from the plot is significant
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WT(0.9446) representing good fitness of this model for ad-
sorption of cadmium onto Saccharum arundinaceum.

3.4.2. Langmuir Isotherm. Langmuir adsorption isotherm is
based on monolayer adsorption of metal ions on the surface
of agrowastes, and energy of adsorption system is considered
constant. In order to calculate Langmuir model, initial
concentrations were changed from 10 to 100 ppm with 1 g
sorbent amount and 1 h shaking time. Distribution of metal
ions between liquid and solid surface was calculated by
equations given in Table 1, employing linear and nonlinear
forms of the model. Langmuir adsorption isotherm was
obtained by plotting Ce/Cad versus Ce as shown in Figure 6s
Supplementary material. R2 value obtained for plot was
found satisfactory showing fitness of model on the ad-
sorption experiment. Qo represents metal ion uptake per
unit mass of adsorbent (mg/g) and b is Langmuir constant
[15]. A dimensionless constant RL is calculated by using
Langmuir constant, and initial concentration represents
model fitness for a particular system. If value of RL falls
between 0 and 1, the system is considered appropriate for
adsorption purpose and Table 2 shows results which are in
this range. Furthermore, experimental data and predicted
results obtained for the present work were found in close
correlation with low value of residual sum of square (0.006)
making this model applicable for the present work.

3.4.3. Dubinin–Radushkevich Isotherm. Dubinin–Radushkevich
isotherm was designed as an empirical model for adsorption
of vapors onto solid surface. It is successfully applied for
adsorption of heterogeneous system including solid and
liquid. .is model is considered more general than Langmuir
because in its derivation homogenous surface and constant

sorption potential are not assumed [30]. .e relationship
given in Table 1s (supplementary data) was employed to relate
ln Cad with ε2, where ε2 is Polanyi potential which is based on
temperature, natural gas constant, and equilibrium concen-
tration as given in the following equation:

ε � RT ln 1 +
1

Ce
 . (8)

Slope of the plot gives value of kad and the intercept is qs.
.e model showed good applicability on the adsorption
system in nonlinear form with high value of R2.

Dubinin–Radushkevich isotherm has found very promising
applications for determination of nature of sorption, whether it
is physical or chemical. For this purpose, kad obtained from the
slope of the plot is used in the following equation:

E �
1
����
2kad

 . (9)

.e value of E calculated for the present research was
0.764 and suggests physical nature of sorption. Because
the value of E below 8 kj/mol reflects physical sorption
and 8–16 kj/mol reflects chemical sorption (Figure 7s
Supplementary material).

3.4.4. Temkin Isotherm. Temkin adsorption isotherm dis-
cusses interaction of sorbent and sorbate, and the model is
based on assumption that heat of adsorption will not remain
constant. It decreases due to interaction between sorbent
and sorbate during adsorption phenomenon [31]. Linear
and nonlinear forms of Temkin model are given in Table 1s
(Supplementary data). Equilibrium constant of binding KT
provides information about binding energy, and β expresses
heat of adsorption for a particular adsorption experiment
(Figure 8s Supplementary material). Linear form of Temkin
model is found more suitable with high value of binding
constant as given in Table 2. .e model indicates the exo-
thermic nature of adsorption reaction as B> 0 which is an
indicator of heat release during the process [32].

3.4.5. Elovich Isotherm. According to Elovich model,
mechanism of adsorption is based on chemical reactions
which are responsible for adsorption. Plot of ln Cad/Ce versus
Cad gives R2 value close to unity.KE andQm are obtained from
intercept and slope of plot, respectively. KE shows initial
sorption rate and Qm is adsorption constant. Initial sorp-
tion rate obtained from linear form of Elovich model is quite
high (35,100.411) as compared to nonlinear form (11.7891),
so making linear form adequate to describe adsorption of
cadmium onto Saccharum arundinaceum. Furthermore, R2

value (0.9033) for linear form is also high than nonlinear
form (0.835) (Figure 9s-Supplementary material).

3.5. Error Analysis for Equilibrium Isotherms. In order to
check the fit of adsorption model to experimental data, error
functions are used [33]. In the present work, six error
functions were applied on linear and nonlinear form of data
by minimizing the error function in a range of concentration

Table 2: Linear and nonlinear parameters of isothermal models for
sorption of Cd onto Saccharum arundinaceum

Models Linear method Nonlinear method
Freundlich
KF (mg/g) (L/mg)n 9.4558 12.2001
N 2.42 3.0271
R2 0.9446
Langmuir
Qo (mg/g) 48.309 48.0821
b (L/mg) 0.1446 0.1461
RL 0.408 0.406
R2 0.9958
Dubinin–Radushkevich
kad(mol2/kJ2) 0.6543 3.1816
qs (mg/g) 34.3533 39.667
R2 0.7912
Temkin
Β (J/mol) 264.39 161.8954
KT 1.0227 0.38
R2 0.9852
Elovich
Qm (mg/g) 16.58 17.2006
KE (L/mg) 1.1677 0.6631
R2 0.9433
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used for analysis by employing solver add-in with Microsoft
Excel 2010. Results for optimization of equilibrium iso-
therms by error analysis are given in Table 3. For meaningful
results, a comparison of each error function for linear
and nonlinear forms was made (Figure 10s Supplementary
material).

For linear form of adsorption isotherms, a comparison of
error functions reflects that Langmuir, Freundlich, and
Elovich isotherms have good correlation with experimental
values for the present adsorption study..ese isotherms give
low values for most of error functions. Applicability of these
models for removal of cadmium ions from aqueous media is
also studied by many researchers [34, 35].

R2: Temkin> Langmuir>Elovich> Freundlich
>Dubinin–Radushkevich
RSS: Temkin>Dubinin–Radushkevich>Elovich
> Freundlich> Langmuir
ARE: Dubinin–Radushkevich>Temkin> Freundlich
> Langmuir>Elovich
EABS: Dubinin–Radushkevich> Langmuir>Temkin
> Freundlich>Elovich
Chi-square (χ2): Elovich>Dubinin–Radushkevich
> Freundlich>Temkin> Langmuir

Similar study was carried out by employing nonlinear
form of adsorption models, and results are summarized
below. Nonlinear form of Temkin isotherm was not found
suitable for adsorption of cadmium onto Saccharum
arundinaceum agrowaste because of high value of error
functions. Freundlich and Elovich isotherms have been
proved to be suitable models for this study with low value for
error functions.

R2: Langmuir> Freundlich>Dubinin–Radushkevich
>Temkin>Elovich
RSS: Temkin>Dubinin–Radushkevich> Freundlich
> Langmuir>Elovich
ARE: Temkin>Dubinin–Radushkevich> Langmuir
>Elovich> Freundlich
EABS: Temkin>Dubinin–Radushkevich>Elovich
> Langmuir> Freundlich

Chi-square (χ2): Temkin> Freundlich
>Dubinin–Radushkevich>Elovich> Langmuir

A comparison between linear and nonlinear approaches
of each adsorption isotherm was also made to select the most
appropriate form for adsorption study. Linear formof Freundlich
adsorption isotherm was found superior over nonlinear form
with small error functions in most of the cases.

R2: Freundlich (linear approach)< Freundlich
(nonlinear)
RSS: Freundlich (linear approach)< Freundlich
(nonlinear)
ARE: Freundlich (linear approach)> Freundlich
(nonlinear)
EABS: Freundlich (linear approach)< Freundlich
(nonlinear)
Chi-square (χ2): Freundlich (linear approach)<
Freundlich (nonlinear)

For Langmuir adsorption isotherm, error function for
nonlinear form was obtained high as compared with linear
to exception of R2.

R2: Langmuir (linear approach)> Langmuir
(nonlinear approach)
RSS: Langmuir (linear approach)< Langmuir
(nonlinear approach)
ARE: Langmuir (linear approach)< Langmuir
(nonlinear approach)
EABS: Langmuir (linear approach)< Langmuir
(nonlinear approach)
Chi-square (χ2): Langmuir (linear approach)<
Langmuir (nonlinear approach)

Applicability of linear Dubinin–Radushkevich model
was found better than nonlinear due to small value of error
function (except ARE).

R2: Dubinin–Radushkevich (linear approach)
<Dubinin–Radushkevich (nonlinear)
RSS: Dubinin–Radushkevich (linear approach)
<Dubinin–Radushkevich (nonlinear)

Table 3: Error functions for optimization of equilibrium isotherms.

Error functions R2 ERRSQ/RSS ARE EABS Chi-square (χ2)
Linear approach
Freundlich 0.8092 0.0261 −0.8917 −1.9864 3.7154
Langmuir 0.9958 0.0060 −1.2623 −0.0054 0.0106
Dubinin–Radushkevich 0.0523 17.6722 26.6963 9.2320 4.9631
Elovich 0.9432 1.8130 −196.878 −3.9160 10.0831
Temkin 1 18.9131 −0.0723 −0.0055 0.6727
Nonlinear approach
Freundlich 0.9476 69.1613 −4.9554 −1.4878 40.3303
Langmuir 0.9893 14.0441 1.0363 0.6722 0.5029
Dubinin–Radushkevich 0.9148 166.7881 10.4851 9.4789 11.7308
Elovich 0.8354 1.0911 0.7977 5.3805 0.5322
Temkin 0.8359 766.4798 38.3613 49.2605 65.3952
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ARE: Dubinin–Radushkevich (linear approach)
>Dubinin–Radushkevich (nonlinear)
EABS: Dubinin–Radushkevich (linear approach)
<Dubinin–Radushkevich (nonlinear)
Chi-sq/χ2: Dubinin–Radushkevich (linear approach)
<Dubinin–Radushkevich (nonlinear)

Linear form of Elovich isotherm, which is also based on
multilayer sorption on the surface of sorbent, shows small
value of ARE and EABS, but other error functions were
found lower for nonlinear form.

R2: Elovich (linear approach)>Elovich
(nonlinear approach)
RSS: Elovich (linear approach)>Elovich
(nonlinear approach)
ARE: Elovich (linear approach)<Elovich
(nonlinear approach)
EABS: Elovich (linear approach)<Elovich
(nonlinear approach)
Chi-square (χ2): Elovich (linear approach)
>Elovich (nonlinear approach)

Linear approach for Temkin isotherm was found fa-
vorable for adsorption of cadmium ions onto Saccharum
arundinaceum with low error function.

R2: Temkin (linear approach)>Temkin
(nonlinear approach)
RSS: Temkin (linear approach)<Temkin
(nonlinear approach)
ARE: Temkin (linear approach)<Temkin
(nonlinear approach)
EABS: Temkin (linear approach)<Temkin
(nonlinear approach)
Chi-square (χ2): Temkin (linear approach)
<Temkin (nonlinear approach)

3.6. 0ermodynamic Studies. Effect of temperature on ad-
sorption was studied by using temperature range 20, 30, 40,
and 50°C with pH 6 and variable initial concentration
(30–120 ppm). Adsorption of cadmium onto Saccharum
arundinaceum agrowaste was found to increase with in-
crease in temperature. At high temperature, intraparticle
diffusion increases and more adsorption sites are created
which boost up adsorption phenomenon. Results for ther-
modynamic study are given in Table 4:

Log
Cad
Ce
−
ΔH

2.303RT
+
ΔS

2.303R
. (10)

Plot of log Cad/Ce versus 1/T was obtained with
R-squared value 0.927. Slop and intercept provide value of
∆H° and ∆S°, respectively, as shown in (10).

∆G° was calculated by employing (1) given in Section 2 in
temperature range 292–328K. Results show a negative value
for Gibb’s free energy at all temperature ranges, and ∆G°

increases with the increase in temperature. .ese negative
values represent spontaneous nature as well as feasibility of

adsorption reaction [36]. Decrease in ∆G° with the increase in
temperature reflects better sorption at elevated temperature.
.e positive value for change in enthalpy is due to endo-
thermic nature of adsorption of cadmium. Enthalpy was also
found positive because randomness in system increases due to
solid-liquid interaction during adsorption phenomenon.
Sorption energy calculated by Dubinin–Radushkevich model
was found below 1 which is an indication of physical nature of
cadmium sorption on the surface of sorbent. E< 8 kJ/mol is
representative of physical sorption, and E> 8–16 kJ/mol is
due to chemical sorption [37]. For adsorption of cadmium
value of E is found below 8, so adsorption of cadmium
occurred on the surface and no chemical bonding took
place between sorbent and sorbate. Similar results for
adsorption of cadmium onto agrowaste were reported in
the literature [38].

3.7. Adsorption Kinetics. Adsorption kinetics has prime
importance in describing solute uptake rate and time re-
quired for adsorption process. In the present work, kinetic
study was performed at different time intervals for cad-
mium adsorption by employing linear and nonlinear forms
of pseudo-first- and second-order kinetics. Results indicate
that amount of cadmium adsorbed increases with the in-
crease in time interval; however, this increase was sharp in
the start of reaction and gradually magnitude of adsorp-
tion decreases down. Initially, plenty of active sites were
available on the surface of sorbent, so sharp rise in ad-
sorption occurred, but these sites got occupied with the
passage of time, so magnitude of adsorption gradually
decreases [39].

3.7.1. Pseudo-First-Order Kinetics. For pseudo-first-order
kinetic model, log (Qe−Qt) was plotted against time in-
terval and value of k was obtained from slope of the line and
Qe from intercept. Initial sorption rate, h, was calculated by
the following equation:

h � k2Q
2
e . (11)

Poor correlation was obtained for linear form of the
model with low value of R2 (0.0918). Results indicate that
adsorption of cadmium onto Saccharum arundinaceum does
not follow pseudo-first-order kinetics. Nonlinear form of
pseudo-first-order kinetics was obtained by using Microsoft
Excel 2010 [40].

Table 4: .ermodynamic parameters for adsorption of cadmium
onto Saccharum arundinaceum.

Parameters Temperature (K) Results
293 −591.24

∆G° (kJ/mol) 303 −612.34
313 −633.44
328 −665.09

∆H° (kJ/mol) 26.99
∆S° (kJ/mol·K) 2.11
Sorption energy (kJ/mol) 0.764
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3.7.2. Pseudo-Second-Order Kinetics. Second-order kinetics
is applicable on small amount of initial concentration for
determination of initial sorption rate. Different linear and
nonlinear forms of pseudo-second-order kinetics are given
in Table 3s (Supplementary material). .ese four linear
forms of pseudo-second-order kinetic models were applied
on experimental data, and Figures 11s–15s (Supplementary
material) show results for these models. Coefficient of de-
termination (R2), found for type 1, was quite high indicating
the best fitting of this model on adsorption data of cadmium.
Results obtained for pseudo-second-order kinetic are given
in Table 4s (Supplementary material). .eoretical results
obtained for amount of cadmium adsorbed at equilibrium
are found best fitted with experimental data for pseudo-
second-order kinetics. For nonlinear form of pseudo-
second-order, a computer-based procedure was used in
Microsoft Excel 2010 using solver add-in method as reported
in the literature [41]. For sorption of cadmium onto Sac-
charum arundinaceum pseudo-second-order kinetic may
describe the method of adsorption in quite appropriate way
as compared to pseudo-first-order approach. Furthermore,
nonlinear form of pseudo-second-order gives close results to
experimental data.

3.8. Effect of Interfering Ions. Process of adsorption becomes
complicated in case of multicomponent adsorption as many
interactions of sorbent and sorbate are involved. Effect of
interfering ions was measured by observing adsorption of
one metal ion, and then, by addition of interfering ion
change in adsorption capacity was noted. Interfering effect
was calculated by employing the following equation:

interfering capacity �
Cmix

C
, (12)

where Cmix is the % adsorption of mixture of two metal ions
and C is the % adsorption of pure metal on selected sorbent.
If the value of Cmix/C is found equal to 1, then there is no
effect of interfering ions on adsorption phenomenon.
However, if it is found less than 1, then adsorption capacity
is found to be affected by addition of these interfering ions.
To study interference, ions were divided into three categories
as monovalent, bivalent, and trivalent ions based on valences
of ions. One ion was selected from each class of ions to check
the interfering effect on adsorption of cadmium ions. Metals
are attached on the surface of sorbent through electrostatic
forces, and competition of metals for sorbent place is mainly
based on metal ion charge and its attraction towards
functional groups present on the surface on adsorbent.
Results for interference of metal ions are summarized in
Table 5. Metals with high charge value were found to have
maximum effect on adsorption of cadmium as compared
with those with low charge. Anions have also found to affect
the adsorption phenomenon of metal ions but their in-
terference is comparatively very less than cations. Adsorp-
tion of anions on sorbent is dependent on charge present on
the surface of sorbent. Since negatively charged hydroxyl
groups are present on the surface of adsorbent, adsorption of
anions is not as favored as cations [42].

4. Conclusion

Removal of cadmium was performed by employing the stem
powder of Saccharum arundinaceum. In order to generate
proper correlation for the removal of cadmium, five adsorp-
tion isotherms were applied on experimental data including
Freundlich, Langmuir, Dubinin–Radushkevich, Elovich, and
Temkin. Error analysis provides information about fitness of
these models on experimental data..emodel with minimum
error was selected best for adsorption data. Order of equi-
librium isotherms according to increasing RSS value was found
as Temkin>Dubinin–Radushkevich>Elovich>Freundlich>
Langmuir.

Linear form of Freundlich and Langmuir models was
found best fitted with minimum value of error. Effect of
temperature on cadmium adsorption was investigated by
thermodynamic analysis, and it was found to increase with
increase in temperature. Gibb’s free energy (∆G° �−612.34 at
303K) revealed spontaneous nature of sorbent-sorbate binding
reaction, and it followed pseudo-second-order kinetics.

Supplementary Materials

Figures 1s–4s: effect of different parameters (contact time,
pH, initial concentration of cadmium, and temperature)
which were adjusted during adsorption for maximum removal
of cadmium from aqueous media. Figures 5s–9s: graphical
results of isothermal study. Data derived from these figures are
present in Table 4 of the main manuscript. Figure 10s: ther-
modynamic studies. Results of Figures 11s–15s of kinetic
studies are described in these figures. Linear and nonlinear
forms of equilibrium isotherms are given in Tables 1s and 2s.
Table 2s provides information about equations of error functions
applied on the results. Tables 3s and 4s describe kinetic studies
and formulas applied on work for calculation of pseudo-first-
and second-order kinetics. (Supplementary Materials)
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The present study reports the use of raw, iron oxide, and aluminum oxide impregnated carbon nanotubes (CNTs) for the adsorption
of hexavalent chromium (Cr(VI)) ions from aqueous solution. The raw CNTs were impregnated with 1% and 10% loadings
(weight %) of iron oxide and aluminum oxide nanoparticles using wet impregnation technique. The synthesized materials were
characterized using scanning electron microscopy (SEM) and thermogravimetric analysis (TGA). Batch adsorption experiments
were performed to assess the removal efficiency of Cr(VI) ions fromwater and the effects of pH, contact time, adsorbent dosage, and
initial concentration of the Cr(VI) ions were investigated. Results of the study revealed that impregnated CNTs achieved significant
increase in the removal efficiency of Cr(VI) ions compared to raw CNTs. In fact, both CNTs impregnated with 10% loading of iron
and aluminum oxides were able to remove up to 100% of Cr(VI) ions from aqueous solution. Isotherm studies were carried out
using Langmuir and Freundlich isotherm models. Adsorption kinetics of Cr(VI) ions from water was found to be well described
by the pseudo-second-order model.The results suggest that metallic oxide impregnated CNTs have very good potential application
in the removal of Cr(VI) ions from water resulting in better environmental protection.

1. Introduction

Chromium is mainly found in natural deposits as ores and
other compounds such as chrome ochre (Cr2O3), crocoite
(PbCrO4), and ferric chromite (FeCr2O4). It is the sixth most
abundant transition metal [1, 2]. Chromium is discharged
into water bodies from a number of industrial sources
such as electroplating and metal cleaning, leather tanning,
mining of chrome ore, production of steel and alloys, dyes
and pigments, glass industry, wood preservation, and textile
industry [2–5].

Chromium is found in different oxidation states such
as 2+, 3+, and 6+. In water, it can exist in the form of
chromate ion (CrO4

2−), chromic acid (H2CrO4), hydrogen

chromate ion (HCrO4
−), and dichromate ion (Cr2O7

2−)
[6–8]. However, the hexavalent Cr(VI) and trivalent Cr(III)
are the two most stable forms present in water in neutral pH
range.

The typical concentration of chromium in industrial
water ranges from 5.2 to 208,000mg/L [9, 10].Themaximum
allowable limits of chromium in drinking water are 0.05 and
0.1mg/L, as suggested by the World Health Organization
(WHO) and US Environmental Protection Agency (EPA),
respectively [11–15].

Due to its carcinogenic and mutagenic nature, Cr(VI) is
considered as almost 300 times more toxic than Cr(III) [16].
The toxic effects of Cr(VI) include liver and kidney damage,
nausea, dermatitis, diarrhea, vomiting, internal hemorrhage,

14

__________________________ WORLD TECHNOLOGIES __________________________

https://doi.org/10.1155/2017/1624243


WT

and repository problems (asthma). Eye and skin contact
may cause permanent damage to eye, severe burn, irritation,
ulceration, and nasal septum [17, 18].

A number of remediation techniques have been re-
ported to get rid of the Cr(VI) from water including solvent
extraction [19], floatation [20], coagulation [21], ion exchange
[22–25], membrane technologies [26, 27], adsorption
[6, 7, 28] and cyanide treatment [29], and reduction followed
by chemical precipitation [30]. However, adsorption is
the most versatile, cost effective, and widely used method
for removal of different contaminants from water including
heavymetals. In the literature, different adsorbents have been
reported for the removal of Cr(VI) from water including
anaerobic sludge [31], lignocellulosic solidwastes [32], carbon
slurry [33], waste slurry [34], agricultural wastes [35], cow
dung carbon [36], corncob [37], almond shell carbon [38],
zeolite [39], hazelnut shell carbon [40, 41], rice Polish [42],
sphagnummoss peat [43], apple residue [44], moss [45], rice
husk carbon [46], fly ash [6, 47], pine needles, charcoal,
wool, olive stone/cake, cactus [48], used tyre carbon [49],
coconut tree sawdust carbon [50], sawdust [51], dust coal,
coconut shell and wood activated carbons [52], clay [53],
palm pressed fibers and coconut husk [54], activated
groundnut husk carbon [55], polyaniline coated on sawdust
[56], coniferous leaves [57], leaf mould [58], wheat bran [59],
sugar beet pulp [60], seaweeds [61], tannin gel particles [62],
seaweed biosorbent [63], chitosan-1,2-cyclohexylenedini-
trilotetraacetic acid–graphene oxide (Cs/CDTA/GO) nano-
composite [64], paper mill sludge [65], hydrous concrete
particles [66], waste tea [67], activated alumina, rice husk
ash, neem bark, saw dust, fuller’s earth [6], eucalyptus bark,
activated charcoal, and charred rice husk [68], treated waste
newspaper [69], and graphene oxide (GO) [70].

Recently, carbon nanotubes (CNTs) have emerged as a
novel adsorbent for the removal of various contaminants
from water. CNTs offer the advantages of high porous and
hallow structure, light mass density, large surface, and strong
interaction with the pollutant molecules [28]. Studies have
confirmed that surface modification of CNTs significantly
enhanced their adsorption capability for the removal of
various contaminants from water [71–76].

In the present study, raw CNTs and CNTs impregnated
with iron oxide and aluminum oxide nanoparticles were
used for the adsorption of Cr(VI) from water. The synthe-
sized materials were characterized using scanning electron
microscopy (SEM) and thermogravimetric analysis (TGA).
Batch adsorption experiments were performed and the effect
of pH, contact time, adsorbent dosage, and initial concen-
tration of the adsorbate on the removal efficiency of Cr(VI)
from water was investigated. Isotherm studies were carried
out using Langmuir and Freundlich isotherm models.

2. Experimental

2.1. Materials Preparation. Raw CNTs were acquired from
Chengdu Organic Chemicals Co. Ltd. (China), with the
following characteristics: 95% purity, outside diameter of
10–20 nm, and length ranging from 1 to 10 𝜇m. These raw

CNTs were impregnated with 1% and 10% loadings (weight
%) of iron oxide and aluminumoxide nanoparticles usingwet
impregnation technique. Specific amount of CNTs was added
in ethanol and sonicated to achieve homogenous dispersion
of CNTs. Specific amount of metallic salt dissolved separately
in ethanol and was sonicated, and then the resultant solution
was added dropwise to the CNTs dispersed in ethanol. This
dispersion was sonicated for proper mixing with CNTs and
subsequently heated at 80–90∘C in an oven overnight to
evaporate the ethanol. On complete drying, the CNTs were
calcined in a furnace at 350∘C for 4 hours. This process
resulted in the attachment of metal oxide nanoparticles onto
the surface of CNTs.

2.2. Characterization of the Adsorbents. Raw and impreg-
nated CNTs were characterized using various techniques.
In order to perform morphological and elemental analysis,
samples were coated with about 5 nm thick layer of platinum
using Quorum sputter coater (Model: Q150R S). Scanning
electron microscope (Model: TESCAN MIRA 3 FEG-SEM)
was used to analyze themorphology and structure of raw and
metal oxide impregnated CNTs. Thermogravimetric analysis
(TGA) of raw and impregnated CNTs was performed using
TA Instrument (Model: SDTQ600), in order to evaluate the
purity and thermal degradation of materials. Samples were
heated to 900∘C in air, at heating rate of 10∘C/min and air flow
rate of 100mL/min.

2.3. Batch-Mode Adsorption Experiment. Batch experiments
were performed to study the effect of various parameters
on the adsorption of Cr(VI) ions by raw and metal oxide
impregnated CNTs at room temperature.

The effect of pH, contact time, agitation speed, and
adsorbent dosage was investigated on the removal of Cr(VI)
ions from aqueous solution. Concentration of Cr(VI) ions
was measured using inductively coupled plasma mass spec-
trometer (Thermo-Fisher, X-Series 2 Q-ICP-MS).

Percentage removal and adsorption capacity were calcu-
lated using (1) and (2), respectively:

Removal efficiency (%) =
𝐶𝑜 − 𝐶𝑡
𝐶𝑜
∗ 100 (1)

Adsorption capacity (𝑞) =
(𝐶𝑜 − 𝐶𝑡) 𝑉

𝑚
, (2)

where “𝐶𝑜” is the initial concentration (ppm) at start of
the experiment (𝑡 = 0), while “𝐶𝑡” is the concentration
at time “𝑡”. “𝑉” is the volume (L) of the solution and “𝑚”
represents the amount (g) of the adsorbent dosage. For
the batch adsorption experiments, the stock solution was
prepared using the same methodology reported previously
[73].

3. Results and Discussion

3.1. Characterization of Raw and Metal Oxide Impregnated
CNTs. Surface morphologies of the raw and metal oxide
impregnated CNTs were observed using SEM.
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Figure 1: SEM images of CNTs with (a) 1% iron oxide (boxes indicate the iron oxide nanoparticles impregnated on CNTs), (b) 10% iron oxide,
(c) 1% aluminum oxide, and (d) 10% aluminum oxide.

Figure 1 shows the SEM images for the metal oxides
impregnated CNTs. Tubular geometry of the CNTs was
observed and no damage was noticed in CNTs structures
after impregnation. Metal oxide nanoparticles (highlighted
in the box) were clearly observed on the surface of CNTs as
displayed in Figures 1(a)–1(d). CNTs were properly dispersed
for the low loading of 1% metal oxide (Figures 1(a) and
1(c)); however, at higher loading (10%) a little agglomeration
of metal oxide particles could be seen in Figures 1(b) and
1(d). In general, the dispersion of CNTs was improved after
impregnation with metal oxide nanoparticles. Metal oxide
nanoparticles might help reduce the strong Van der Waals
forces between CNTs leading to their improved dispersion.

TGA curves for raw and metal oxide impregnated CNTs
are presented in Figure 2. CNTs were heated to 900∘C at a rate
of 10∘C/min under air. All the TGA curves have two main
weight loss regions. Initial small weight loss was attributed
to the evaporation of physically bound water and some
other lighter impurities. The second, steep, and rapid weight
loss region represents the combustion of CNTs. Raw CNTs

showed more stability and started degrading around 550∘C
while degradation of 1% and 10% metal oxide impregnated
CNTs started around 450∘C and 500∘C, respectively. This
may be due to the fact that the impregnation of metal oxide
nanoparticles on CNTs serves as an impurity hence leading
to steep weight loss at lower temperature [77]. The weight
of the residue left at the end of the analysis is the indication
of metallic oxide nanoparticles. It can be observed that the
amount of residue left was higher for the CNTs with 10%
metal oxide loading as compared to rawCNTs andCNTswith
1% metal oxide loadings.

3.2. Effect of pH. Theremoval ofCr(VI) ions by raw andmetal
oxide impregnated CNTs, as a function of pH, is presented in
Figure 3. Solution pH was varied from 3 to 8, while the other
variables including adsorbent dosage, contact time, agitation
speed, and Cr(VI) initial concentration were kept constant at
200mg, 2 hours, 50mg, 200 rpm, and 1mg/L, respectively.

A maximum removal of Cr(VI) was achieved at pH 3,
while the removal was observed to decrease with increase in
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Figure 2: TGA curves for raw and metal oxide impregnated CNTs.
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Figure 3: Effect of pH on the percentage removal of Cr(VI) (initial
concentration = 1mg/L, agitation speed = 200 rpm, adsorbent
dosage = 200mg, and time = 2 hours).

pH, for all the adsorbents.This phenomenon can be explained
on the basis of surface charge of the adsorbents and ionic
chemistry of the solution.

Chromium ions may exist in the form of chromate
(CrO4

2−), dichromate (Cr2O7
2−), and hydrogen chromate

(HCrO4
−), depending upon the solution pH and chromate

concentration.
The equilibrium between the chromate (CrO4

2−) and
dichromate ions (Cr2O7

2−) in aqueous solution is represented
by (3) [15, 73].

2CrO4
2− + 2H+ ←→ Cr2O7

2− +H2O (3)

Chromate (CrO4
2−) ions are the dominant species at high pH

values, while, at low pH, mainly dichromate ions (Cr2O7
2−)

exist in the solution [78, 79].
At low pH, the high removal of Cr(VI) ions is attributed

to the electrostatic interaction between the Cr2O7
2− anions

and positively charged CNTs surface. However, at high
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Figure 4: Effect of contact time on percentage removal of Cr(VI).
(Initial concentration = 1mg/L, agitation speed = 200 rpm, adsor-
bent dosage = 200mg, pH = 6).

pH, surfaces of the CNTs carry more negative charges and
repulsion between the CrO4

2− ions and the CNTs surfaces
resulted in lower removal of Cr(VI) ions. Furthermore, the
low removal might also be due to competition between the
OH− and chromate (CrO4

2−) ions over the limited adsorption
sites as well as due to precipitation of Cr(OH)3 that might
occur at high pH (here at pH = 8) [73].

Surface impregnation of CNTs with metal oxide was
observed to enhance the removal efficiency. The maximum
removal of 87.8% was obtained for CNT with 10% aluminum
oxide loading at pH 3. Raw CNTs were still able to remove
almost 74% Cr(VI) ions at same pH and under similar
experimental conditions. Although the maximum removal
was obtained at pH 3, however, to evaluate the potential of the
adsorbents in real water treatment applications, a pH value of
6 was selected for the remaining experiments.

Because the solution pH has a significant effect on the
removal of Cr(VI) ions, we may deduce that the main
mechanism is electrostatic interaction.The net surface charge
of the adsorbent changes with pH and affects the removal of
Cr(VI). In addition to electrostatic interaction, some physical
adsorption of Cr(VI) ions is expected on the surfaces of the
CNTs due to Van der Walls interactions. Studies also suggest
that strong surface complexation and ion exchange are the
main mechanisms involved during the adsorption of Cr(VI)
ions on CNTs surface [80].

3.3. Effect of Contact Time. The experimental results present-
ing the effect of time on the removal of Cr(VI) ions by raw
and metal oxide impregnated CNTs are shown in Figure 4.
Contact time was varied from 0.5 to 5 hours while the
solution pH, Cr(VI) initial concentration, adsorbent dosage,
and agitation speed were kept constant at 6, 1mg/L, 200mg,
and 200 rpm, respectively.

It is obvious that Cr(VI) ions removal has improved
significantly as the contact time increased from 0.5 to 4
hours. No significant increase in removal was observed after
4 hours of contact time indicating the reach of equilibrium.
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Figure 5: Effect of adsorbent dosage on percentage removal of
Cr(VI) (initial concentration = 1mg/L, agitation speed = 200 rpm,
contact time = 2 hours, and pH = 6).

It was observed that CNTs impregnated with metal oxide
were able to remove more than 97% of Cr(VI) ions after 2
hours of contact time (forCNTs impregnatedwith iron oxide)
and almost 100% after 4 hours of contact time (for CNTs
impregnated with both iron and aluminum oxides).

3.4. Effect of Adsorbent Dosage. The effect of adsorbent
dosage on the removal of Cr(VI) ions is depicted in Figure 5.
The adsorbent dosage was varied from 50 to 200mg, while
solution pH, contact time, initial concentration of Cr(VI),
and agitation speed were kept constant at 6, 2 hours, 1mg/L,
and 200 rpm, respectively.

A direct relationshipwas observed between the adsorbent
dosage and the removal of Cr(VI) ions for all adsorbents.
The removal was observed to increase with increase in the
adsorbent dosage and the maximum removal was recorded
at 200mg dosage. With increase in the adsorbent dosage, the
number of active sites increases; hence more Cr(VI) ions can
be adsorbed onto the adsorbent surface. At 200mg dosage,
CNTs with 10% loading of iron oxide yielded a maximum
removal of 99% of Cr(VI) ions, as compared to raw CNTs
yielding about 67% removal under similar experimental
conditions. These results confirmed that metal oxide loading
has a significant effect on the removal efficiency of the raw
CNTs.

3.5. Effect of Agitation Speed. Agitation speed is an important
parameter that effects and enhances the dispersion of the
adsorbent in the solution and reduces the agglomeration. For
the two loadings of metal oxides (1% and 10%) used in the
present study, the CNTs were found to properly disperse in
the solution and no significant agglomeration was observed.
Figure 6 displays the effect of agitation speed on the removal
of Cr(VI) ions by raw and metal oxides impregnated CNTs.
The agitation speed was varied from 50 to 200 rpm, while
the solution pH, initial concentration, adsorbent dosage, and
contact time were kept constant at 6, 1mg/L, 200mg, and 2
hours, respectively.The removal of Cr(VI) ions was observed
to increase with increase in agitation speed for all considered
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Figure 6: Effect of agitation speed on percentage removal of Cr(VI)
ions (initial concentration = 1mg/L, adsorbent dosage = 200mg,
contact time = 2 hours, and pH = 6).
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Figure 7: Effect of initial concentration on percentage removal of
Cr(VI) (adsorbent dosage= 200mg, contact time= 2hours, agitation
speed = 200 rpm, and pH = 6).

adsorbents. This is due to the fact that agitation facilitates
effective diffusion of ions towards the adsorbent surface [73].
At 200 rpm speed, CNTs with 10% loading of iron oxide were
able to remove 99% Cr(VI) ions.

3.6. Effect of Initial Concentration. The removal of Cr(VI)
ions was also dependent on the initial concentration of
Cr(VI) as shown in Figure 7. The initial concentration was
varied from 1 to 7 ppm, while the solution pH, agitation
speed, adsorbent dosage, and contact time were kept con-
stant at 6, 200 rpm, 200mg, and 2 hours, respectively. The
maximum removal was achieved at low dosage concentration
and the removal was observed to decrease with increase in
concentration for all adsorbents.Thismight be due to the fact
that, at high concentration, the adsorption sites are saturated
due to availability of surplus Cr(VI) ions. At 1 ppm dosage,
a maximum removal 99% of Cr(VI) ions was achieved with
CNTs with 10% loading of iron oxide.
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Table 1: Parameters of Langmuir and Freundlich isotherm models for chromium.

Adsorbent Freundlich Langmuir
𝑛 𝐾𝐹 (L/mg) 𝑅2 𝐾𝐿 (L/mg) 𝑅2

CNT-iron oxide 7.922564 0.628705 0.9980 −7.47535 0.9966
CNT-aluminum oxide 3.907029 0.571687 0.9996 −10.9559 0.9855
Raw CNTs 2.110755 0.291322 0.9975 0.756502 0.9859
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Figure 8: Langmuir adsorption model for Cr(VI).

3.7. Freundlich and Langmuir Isotherm Models. Adsorption
equilibrium data was fitted by Langmuir and Freundlich
models. Langmuir model best describes the monolayer ad-
sorption while Freundlichmodel provides information about
heterogeneous adsorption on adsorbent surface [81].

Representative equations of the isotherm models are
presented below.

Langmuir isotherm model:

𝑞𝑒 =
𝑞𝑚𝐾𝐿𝐶𝑒
1 + 𝐾𝐿𝐶𝑒

; (4)

Freundlich isotherm model:

𝑞𝑒 = 𝐾𝐹𝐶𝑒
1/𝑛, (5)

where 𝐶𝑒 and 𝑞𝑒 are the concentrations of contaminants in
water and in adsorbent at the adsorption equilibrium, respec-
tively. 𝑞𝑚 is the maximum adsorption capacity; 𝐾𝐿 is the
adsorption equilibrium constant of Langmuir model;𝐾𝐹 and
𝑛 are Freundlich constants related to the adsorption capacity
and surface heterogeneity of the adsorbents, respectively.

Figures 8 and 9 show Langmuir and Freundlich adsorp-
tion isotherm models for Cr(VI), respectively, while adsorp-
tion parameters and regression data of the models are
presented in Table 1. It can be seen that both Langmuir
and Freundlich isotherm models show a good fit for both
raw and metal oxide impregnated CNTs. However, the value
of regression coefficient (𝑅2) value for Freundlich isotherm
model is slightly higher than Langmuir isotherm model.
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Figure 9: Freundlich adsorption model for Cr(VI).
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Figure 10: Pseudo-second-order kinetics for the adsorption of
Cr(VI).

3.8. Kinetics Modeling. Adsorption kinetic is one of the most
important factors that govern the solute uptake rate and
represents the adsorption efficiency of the adsorbent. The
pseudo-second-order model was used to model the kinetics
of adsorption.

Representative equation of pseudo-second-order model
is provided below:

𝑡

𝑞𝑡
=
1

𝑘2𝑞
2
𝑒

+
𝑡

𝑞𝑒
. (6)

Figure 10 represents the fitting of experimental data with the
pseudo-second-order model. Table 2 provides the results of
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Table 2: Parameters of pseudo-second-order kinetic model for chromium.

Adsorbent 𝑞𝑒 (mg/g) 𝑘2 (mg g−1min−1) 𝑅2

CNT-iron oxide 0.253062 0.534162 0.9999
CNT-aluminum oxide 0.259575 0.133789 0.9989
Raw CNTs 0.235297 0.109363 0.9989

the kinetics model fittings for the adsorption of Cr(VI) using
raw and metal oxide impregnated CNTs.

It can be seen from Figure 10 and Table 2 that the
correlation coefficient (𝑅2) of pseudo-second-order kinetic
equation is sufficiently high for all the adsorbents. Therefore,
the process of Cr(VI) removal using raw and metal oxide
impregnated CNTs can be well described by the pseudo-
second-order model.

4. Conclusion

Raw, iron oxide, and aluminum oxide impregnated carbon
nanotubes (CNTs) were found to be effective adsorbents
for the removal of Cr(VI) ions from aqueous solution. The
removal of Cr(VI) ions was strongly dependent on pH,
contact time, adsorbent dosage, and initial concentration of
theCr(VI) ions. Solution pHwas found to be a critical param-
eter affecting the adsorption of Cr(VI) ions, in comparison
with the other parameters. The removal of Cr(VI) ions was
observed to decrease with increase in pH of the solution. It
was observed that both CNTs impregnated with 10% of iron
and aluminum oxides were able to remove almost 100% of
Cr(VI) ions at solution pH 6, Cr(VI) initial concentration
of 1mg/L, adsorbent dosage of 200mg, agitation speed of
200 rpm, and contact time of 4 hours.The preparedmaterials
were found to exhibit high removal efficiency at pH6 suggest-
ing their great potential in real water treatment applications.
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Density functional calculations were used to explore the complexation of 3-alkyl-4-phenylacetylamino-4,5-dihydro-1h-1,2,4-
triazol-5-one (ADPHT) derivatives by first-row transition metal cations. Neutral ADPHT ligand and mono deprotonated ligands
have been used. Geometry optimizations have been performed in gas-phase and solution-phase (water, benzene, and N,N-
dimethylformamide (DMF)) with B3LYP/Mixed I (LanL2DZ for metal atom and 6-31+G(d,p) for C, N, O, and H atoms) and
with B3LYP/Mixed II (6-31G(d) for metal atom and 6-31+G(d,p) for C, N, O, and H atoms) especially in the gas-phase. Single
points have also been carried out at CCSD(T) level. The B3LYP/Mixed I method was used to calculate thermodynamic energies
(energies, enthalpies, and Gibb energies) of the formation of the complexes analyzed. The B3LYP/Mixed I complexation energies
in the gas phase are therefore compared to those obtained using B3LYP/Mixed II and CCSD(T) calculations. Our results pointed
out that the deprotonation of the ligand increases the binding affinity independently of the metal cation used. The topological
parameters yielded from Quantum Theory of Atom in Molecules (QTAIM) indicate that metal-ligand bonds are partly covalent.
The significant reduction of the proton affinity (PA) observed when passing from ligands to complexes in gas-phase confirms the
notable enhancement of antioxidant activities of neutral ligands.

1. Introduction

In recent years, the repercussion of free radicals and reac-
tive oxygen species (ROS) in neurodegenerative disorder
is more sensitive [1–4]. The contribution of these ROS
to the pathophysiology of myocardial reperfusion damage.
These ROS can be oxygen-centered radicals [5] or oxygen-
centered nonradicals [6]. The removal of electrons from
cellular membranes by these ROS and the reaction between
these latter ones and proteins [7] provoke the alteration
of the structures of these membranes and proteins. Such
alterations justify the frailty of these cellular membranes

that expose them to be attacked by invaders (viruses and
bacteria).

Nevertheless, each cell is naturally equipped by defense
systems against any destructive effect of ROS. This statute of
protective mechanism against ROS in humans is attributed
to antioxidant molecules [8, 9]. In general, antioxidant
molecules (tocopherol (vitamin E), ascorbic acid (vitamin
C), carotenoids, flavonoids, and polyphenols) prevent the
proliferation of free radical reactions in all cell membranes.
This explains the emergence of studies on the investigation
of antioxidant activities of biologically active compounds.
This has led to increased pressure on the need for the newer
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molecules which may have potentials to curb the spread of
this problem. Particularly, 1,2,4-triazole and its derivatives
have been reported to possess antioxidant activities [10–13].
The 1,2,4-triazole derivatives have also been known to possess
many biological activities (antifungal, analgesic, antiviral,
anti-inflammatory, antitumor, anti-HIV properties, etc.) [14,
15]. It is worthwhile to mention that 1,2,4-triazoles have
been prepared by different methods.The cyclodehydration of
acylthiosemicarbazides with a variety of basic agents is the
most common method used. The literature survey revealed
that acylthiosemicarbazides are the key intermediates used in
the synthesis of 1,2,4-triazol [16, 17].

Our previous research was focused on the theoret-
ical analysis of antioxidant mechanisms of 1,2,4-triazole
derivatives [18], more precisely of 3-alkyl-4-phenylacety-
lamino-4,5-dihydro-1H-1,2,4-triazol-5-one (ADPHT) deriv-
atives. The calculated thermodynamic properties descriptors
calculated in gas and solution-phases were Hydrogen Atom
Transfer (HAT), Single Electron Transfer-Proton Transfer
(SET-PT), and Sequential Proton-Loss Electron Transfer
(SPLET) mechanism. Results indicated that, thermodynam-
ically, HAT mechanism is the most predominant process in
the gas-phase. But, in solvents (2-propanol, acetonitrile, DMF
and water), the SPLET mechanism has shown to be more
preferred. It has been shown that the removal of the metals
by metal-chelating process causes some problems of toxicity
due to the induced charge change [19]. But the examination of
the literature demonstrates that the transitionmetal chelation
of the titled ligands has not been done either experimentally
or theoretically.

The goal of this work is to do a comprehensive density
functional theory (DFT) study on the first-row transition
metal (II) chelation by ADPHT derivatives, using both the
neutral and mono deprotonated forms of ligands. We have
studied the coordination abilities for the first-row transition
metal (II) cations used (Fe2+, Ni2+, Cu2+, and Zn2+). The
authors evaluated the proton affinity (PA) of each complex
and therefore analyzed the comparative impact of the metal
chelation on the antioxidant activities. The proton affinity
free energy (PAFE) has also been taken into account. The
metal interaction is further studied on the basis of NBO
charges. The replacement of M2+ by the M+ leads to the
evaluation of the influence of the metal charge on analyzed
properties. For this last point, the authors have considered
only the copper atom as metal. Estimation of the effect
of solvents (water, benzene, and N,N-dimethylformamide
(DMF)) on the calculated structural parameters has also been
done.

2. Computational Details and
Theoretical Background

2.1. Computational Details. All calculations were performed
usingGaussian 09 programpackage [20].The optimization of
gas-phase structure of each molecular system was obtained
using DFT method with B3LYP [21] functional. For M2+
(M2+ = Fe2+, Ni2+, Cu2+, and Zn2+), the authors used the
nonrelativistic effective core potential (ECP) LanL2DZ [22]

for metal atom in combination with 6-31+G(d,p) for C,
N, O, and H atoms. This generically made basis set is
denoted as Mixed I. The importance of using ECPs for
transition metal complexes has been emphasized by prior
researches [23, 24].The geometry optimization is followed by
vibrational frequency calculations. All of these calculations
were carried out in vacuum and in three solvents (water,
benzene, and DMF (N,N-dimethylformamide)).The integral
equation formalism of the polarized continuum [25, 26]
has been taken into account to analyze the solvent effect.
To evaluate the influence of the basis set on geometries,
an additional geometrical optimization of the gas-phase
structures followed by frequency calculations using a new
mixed basis set [M2+ (Fe2+, Ni2+, Cu2+, and Zn2+) = 6-31G(d)
and 6-31+G(d,p) = C, N, O, and H] subsequently denoted as
Mixed II has been achieved.

2.2. Theoretical Background

2.2.1. Thermodynamic Energies of Coordination Abilities and
Deprotonation of Complexes. The coordination ability of
various cations (𝐷𝑒) (dissociation energy of the complex
noted 𝑐) is defined according to (1):

𝐷𝑒 = 𝐸𝑐 − (𝐸𝑙 + 𝐸𝑚) . (1)

𝐸𝑐, 𝐸𝑙, and 𝐸𝑚 are, respectively, the energy of the complex,
ligand, and metal. Firstly, 𝐷𝑒 values are estimated after
geometrical optimization calculations at B3LYP/Mixed I in
the gas-phase and in various solvents and reevaluated at
B3LYP/Mixed II level in the gas-phase Single-point calcu-
lations at the CCSD (T) have been carried out to repro-
duce the gas-phase 𝐷𝑒. The levels of theory have shown
to reproduce satisfactorily the first-row transition metal
binding energy of glycine and its derivatives [27, 28]. The
Metal Ion Affinity (MIA) [29, 30] was assumed to be the
negative of the reaction enthalpy (Δ𝐻0298) defined in (2).
We have determined the complexation free energy according
to (3):

MIA = −Δ𝐻0298 = − [𝐻
0
298𝑐 − (𝐻

0
298𝑙 + 𝐻

0
298𝑚)] (2)

Δ𝐺0298 = 𝐺
0
298𝑐 − (𝐺

0
298𝑙 + 𝐺

0
298𝑚) . (3)

2.2.2. NBO Analysis. The stabilization energy 𝐸2 associated
with 𝑖 → 𝑗delocalization for a donorNBO (𝑖) and an acceptor
NBO (𝑗) is calculated according to

𝐸2 = 𝑞𝑖𝑗
𝐹2 (𝑖, 𝑗)
𝜀𝑗 − 𝜀𝑖

, (4)

where 𝑞𝑖𝑗 represents the 𝑖th donor orbital occupancy and
𝜀𝑖 and 𝜀𝑗 are diagonal elements and 𝐹(𝑖, 𝑗) off-diagonal
elements, respectively, linked to NBO Fock matrix [31].
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The thermodynamic energies (proton affinity (PA) and
proton affinity fee energy (PAFE)) relative to the deprotona-
tion of each optimized complex are determined as follows:

[𝑀𝐿𝐻]𝑛+ → [𝑀𝐿](𝑛−1)+ + 𝐻+ (5)

PA = 𝐻 (𝐻+) + 𝐻 ([𝑀𝐿(𝑛−1)+])

− 𝐻 ([𝑀𝐿𝐻𝑛+])
(6)

PAFE = 𝐺 (𝐻+) + 𝐺 ( [𝑀𝐿(𝑛−1)+])

− 𝐺 ([𝑀𝐿𝐻𝑛+]) .
(7)

[𝑀𝐿𝐻], [𝑀𝐿]+, and 𝐻+ are, respectively, complex and
deprotonated complexes and the proton.𝐻(𝑌) is the enthalpy
of species𝑌 (𝑌 = 𝑀𝐿𝐻,𝑀𝐿+, and𝐻+). Solvent contribution
was determined using an integral equation continuummodel
(IEF-PCM) method [25, 26].

2.2.3. Atoms in Molecules Analysis Theory. The Quantum
Theory of Atom in Molecules (QTAIM) proposed by Bader
[32] performed as implemented in Multiwfn [33] was to ana-
lyze the nature of all metal-ligand bonds. A logical approx-
imation of their relative energies eases the specification of
the original nature of metal-ligand bonds. The indicators of
metal-ligand bond used are the electron densities 𝜌(𝑟) and
their Laplacians ∇2𝜌(𝑟) calculated at the bond critical points
(BCPs). The local kinetic electron energy density and the
potential energy density ](𝑟) are then defined, respectively,
in (8) and (9) [32, 34]. Consider

𝐺 (𝑟) = 3
10
(3𝜋)2/3 𝜌 (𝑟)5/3 + 1

6
∇2𝜌 (𝑟) (8)

] (𝑟) = ℏ2

4𝑚
∇2𝜌 (𝑟) − 2𝐺 (𝑟) . (9)

According to the sign of the Laplacian of the electron density
(∇2𝜌(𝑟)), the metal-ligand interactions are covalent and
electrostatic, if ∇2𝜌(𝑟) are, respectively, negative and positive.
A further instrument for estimation of the nature of the
metal-ligand is the fraction −𝐺(𝑟)/](𝑟). From this descriptor,
the metal-ligand bond is noncovalent or partly covalent in
nature, if −𝐺(𝑟)/](𝑟) > 1 and 0.5 < −𝐺(𝑟)/](𝑟) < 1,
respectively. This ration combined with the electron density
(∇2𝜌(𝑟)) is useful to analyze the intermediate interactions and
closed shell interaction: (−𝐺(𝑟)/](𝑟) < 1 and ∇2𝜌(𝑟) < 0))
and (−𝐺(𝑟)/](𝑟) > 1 and ∇2𝜌(𝑟) < 0)), respectively.

This analysis is using B3LYP/Mixed II optimized struc-
tures in the gas-phase. QTAIM analysis was then performed
as implemented in Multiwfn [32].

3. Results and Discussion

We have optimized the M-ADPHT complexes using all the
possible coordination modes. These optimizations yield a
unique coordination mode (O3, O2) as shown in Figure 1 for
neutral or deprotonated ADPHT derivatives.

3.1. Geometrical Details. All the structures have been opti-
mized without any symmetric constraint. The relevant geo-
metrical parameters of M-ADPHT complexes with neutral
ligands, labeled according to convention given in Figure 1,
are compiled in Table 1. The optimization generally yields
M-O2 bond distances longer, compared to those of M-O3
bonds.The bond length difference was in the following range:
0.009–0.077 Å.We attributed such a difference to the fact that
the C3=O3 carbonyl group is connected to two N1 and N2
nitrogen atoms. The induced cumulative electron donating
effect of these two neighboring nitrogen atoms then increases
the electron density around the O3 oxygen atom.This atom is
consequently more nucleophile than the O2 homolog which
is near only one N3 nitrogen atom. Our results showed that
the M-O𝑖 (𝑖 = 2, 3) decreased slightly with the substitution of
the hydrogen by donor alkyl group (R = CH3, C2H5). Inde-
pendently of the substituent, the Cu-O𝑖 (𝑖 = 2, 3) distances
are the longest in gas-phase. The replacement of Cu2+ (d9)
by Cu+ (d10) leads to the shortening of Cu-O2 bond lengths
but also to the lengthening of Cu-O3 bond distances. This
fact originates predominantly from the interaction between
the doubly occupied metal 3d orbital and the lone pairs of
donor oxygen atoms, which significantly increases the metal-
ligand repulsion in the Cu+ (d10)-complexes. This does not
occur for Cu2+ (d9) for which the 3d orbital remains singly
occupied. Our results onCu+ (d10)-complexes are in line with
similar theoretical works on monovalent metal cation (Co+,
Ni+, and Cu+)-ligands (glycine [35], water [35, 36], ammonia
[37, 38], and adenine [39]) complexes. We concluded that
this metal-ligand repulsion in Cu+ (d10)-complexes is more
pronounced for the more nucleophile oxygen atom O3. The
comparison of the bond distances of Cu+-complexes with
those of Cu2-complexes (Table 1) reveals the fact that the
effects of this substitution are only limited to metal-ligand
bond distances.The dissimilarity observed between distances
of bonds of ADPHT complexes and those of isolated ligand
displays the significant activation of adjacent bonds by the
metal cation. For instance, the metal chelation of ligand a
by Cu2+ augments the C3-O3 bond distance from 1.216 to
1.250 Å.

The optimized O2-M
2+-O3 angle in all M

2+-complexes in
gas-phase varies from 98.3 to 106.4∘. The dihedral angles Φ
[N3-C2-O2-M

2+] andΦ [N1-N3-C2-O2] were, respectively, in
the following range:−57.3–59.1 and−35.6–53.3∘.This fact ren-
ders chelate rings of M-ADPHT (M = Fe2+, Ni2+, and Cu2+)
nonplanar. In addition, the values obtained for the dihedral
angles Φ [N1-N3-C2-O2] revealed that the N1, N3, C2, and
O2 atoms are not located in the same plane (Table 1). Our
B3LYP data revealed that the benzene and 1,2,4-triazole ring
remained planar (Figure 1S) in the supporting information,
available online at https://doi.org/10.1155/2017/5237865). In
the same vein, the calculated values of the dihedral angle Φ
[N3-C2-C1-C5] indicated the fact that the C5 atom is almost
in the plane containing N3, C2, and C1 atoms, which is nearly
perpendicular to the benzene ring.

Contrary to the results obtained in gas-phase, the opti-
mization after the solvation of the molecular system yields
M-O3 bond distances longer, compared to those of M-O2
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Table 1: Selected B3LYP/Mixed I level: bond lengths (>), bond angles (degree), and dihedral angles (degree) for neutral ADPHT ligand-metal
complexes in various media.

Fe2+ Ni2+ Cu2+ Cu+ Zn2+

Parameters 1a 1b 1c 2a 2b 2c 3a 3b 3c 4a 4b 4c 5a 5b 5c
gas
M2+-O2 1.840 1.836 1.835 1.837 1.836 1.835 2.061 2.046 2.040 1.998 1.999 1.999 1.906 1.906 1.905
M2+-O3 1.818 1.810 1.806 1.827 1.820 1.819 1.969 1.969 1.969 1.995 1.986 1.986 1.899 1.898 1.899
O2-M

2+-O3 105.4 105.8 105.8 102.6 102.1 102.1 98.5 98.5 98.3 105.6 106.2 105.6 106.1 106.1 106.4
N1-C3-O3-M

2+ 27.2 24.5 23.4 54.4 −57.3 57.9 57.4 59.1 59.0 51.1 51.6 53.4 42.7 44.9 45.5
N3-C2-O2-M

2+ 33.7 31.7 31.0 35.0 −35.6 35.5 53.1 53.3 52.1 53.3 53.5 54.0 44.9 42.3 42.4
N1-N3-C2-O2 12.6 12.3 12.1 11.9 −11.5 11.7 5.7 5.0 6.1 7.7 7.5 7.1 9.8 10.0 9.8
Water
M2+-O2 1.920 1.925 1.933 1.854 1.863 1.865 1.954 1.951 1.955 2.029 2.035 2.038 2.048 2.047 2.071
M2+-O3 1.929 1.916 1.932 1.838 1.829 1.835 1.933 1.927 1.928 2.022 2.016 2.019 2.032 2.055 2.023
O2-M

2+-O3 99.7 98.2 97.8 97.9 98.3 98.2 101.0 99.7 99.8 103.5 102.9 102.3 90.7 91.1 91.3
N1-C3-O3-M

2+ 44.4 40.9 48.5 64.3 −66.4 66.7 58.6 60.8 63.0 54.5 56.9 59.8 64.3 57.6 66.5
N3-C2-O2-M

2+ 47.5 50.9 54.1 22.8 −36.0 37.2 43.8 44.6 47.6 60.6 61.5 61.8 63.2 66.1 62.0
N1-N3-C2-O2 14.1 14.4 11.4 13.4 52.0 10.1 13.6 14.6 11.4 5.7 4.2 3.2 1.0 5.0 1.0
Benzene
M2+-O2 1.865 1.868 1.871 1.833 1.843 1.841 2.042 2.019 2.018 2.012 2.018 2.018 — 1.944 1.949
M2+-O3 1.850 1.846 1.846 1.829 1.818 1.820 1.971 1.972 1.970 2.007 2.001 2.001 — 1.928 1.932
O2-M

2+-O3 102.6 102.8 103.3 99.6 100.9 100.9 98.9 99.7 98.5 104.5 103.5 103.2 — 101.9 102.3
N1-C3-O3-M

2+ 131.8 32.9 35.4 59.9 −58.5 59.8 58.3 59.2 61.3 52.7 55.9 57.5 — 42.5 48.4
N3-C2-O2-M

2+ 36.1 40.3 38.5 27.9 −31.8 34.7 53.2 50.6 54.7 55.4 58.6 58.6 — 40.8 42.9
N1-N3-C2-O2 13.9 14.6 13.1 9.3 −14.0 13.6 5.8 7.2 5.2 9.8 4.6 4.7 — 13.6 9.7
DMF
M2+-O2 1.918 1.923 1.909 1.852 1.861 1.857 1.958 1.955 1.958 2.028 2.034 2.037 2.043 2.050 2.058
M2+-O3 1.926 1.912 1.902 1.837 1.828 1.828 1.937 1.930 1.931 2.021 2.015 2.019 2.027 2.042 2.003
O2-M

2+-O3 99.6 116.8 100.2 98.1 98.4 98.4 101.0 100.9 99.8 103.6 103.0 102.2 90.9 91.0 91.4
N1-C3-O3-M

2+ 42.4 50.0 38.4 63.9 −66.2 65.7 58.3 60.5 62.9 54.4 56.9 59.8 64.0 57.6 62.8
N3-C2-O2-M

2+ 48.1 40.4 39.9 23.5 −35.6 34.8 44.4 44.8 47.7 60.5 61.0 61.6 63.1 65.8 64.2
N1-N3-C2-O2 13.6 14.6 16.6 13.5 −9.5 9.7 13.3 14.5 11.3 5.6 4.5 3.3 1.0 5.0 3.0

bonds especially for complex 1a in benzene and DMF. One
can observe that the variations of the geometrical parameters
are very versatile in solution-phase.

To investigate the contribution of the metal chelation to
the antioxidant activity of ADPHT derivatives, we analyzed
the X-H bond distances (X =N3, N2, andC1) of the structures
obtained and compared them with those of isolated ligands.
From Figure 2S, one can find out that the metal chelation
slightly increases the X-H bond distances, then decreases
the bond dissociation energies of these bonds, and therefore
enhances the antioxidant activities. In M-ADPHT complexes
optimized, the longer X-H bond distances are obtained for
C1-H1 bonds due to the captodative stabilization evoked in
our previous work [18]. Figure 3S displays the fact that the
solvation of complexes induces an important reduction of the
C1-H1 bond distances. Such a reduction is more pronounced
for Cu2+-complexes in benzene and DMF.

Geometrical parameters of optimized complexes ob-
tained in gas-phase from deprotonated ligands (Tables 1–3S
in the supporting information) illustrated the fact that the

metal-ligand distances are lower than those of complexes
resulting from neutral ligand, with the exception of 8A com-
plex. The main justification of this exception resulted from
the optimization of 8A complex that leads to a monodental
structure with the O3 oxygen only effectively binded to the
Cu2+ cation. Our results also showed that the M-O3 bond
distances are slightly longer than those ofM-O2 bonds.This is
basically due to the nearness of the C2=O2 carbonyl group to
proton abstraction site (N3 atom) that subsequently increases
the electron density around the O2 oxygen atom. Contrary
to previous remarks on complexes obtained from neutral
ligands, the latter becomes now more nucleophile than the
O3 oxygen atom.

Figure 2 indicates that the M2+-O𝑖 (𝑖 = 2, 3) bond
distances yielded by B3LYP/Mixed II are shorter than that
relative to B3LYP/Mixed I. The bond distance differences
obtained are in the ranges 0.023–0.887 and 0.019–0.169>,
respectively, for M2+-O2 and M2+-O3 bond. This fact can
be attributed to the fact that the valence orbitals are not
properly described by B3LYP/Mixed I. This results from the
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Figure 1: Schematic representation of M-ADPHT complexes including the adopted numbering system used.
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Figure 2: Superposition of M2+-O𝑖 bond obtained using B3LYP/Mixed I, B3LYP/Mixed II, and CCSD(T) for neutral ADPHT ligands (a) and
for deprotonated ADPHT ligands (b).
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Table 2: Values (in kJ/mol) of metal binding energy (𝐷𝑒), metal binding enthalpy (Δ𝐻0298), andmetal binding free energy (Δ𝐺0298) for ADPHT
ligand-metal complexes in various media used at B3LYP/Mixed I level.

Fe2+ Ni2+ Cu2+ Cu+ Zn2+

1a 6A 2a 7A 3a 8A 4a 9A 5a 10A

𝐷𝑒

Gas −1194 −2081 −1282 −2158 −1215 −2112 −309 −756 −904 −1752
Water −277 −435 −267 −443 −421 −642 −121 −211 −57 −177

Benzene −642 −1095 −681 −1172 −757 −1284 −201 −451 — −819
DMF −287 −484 −280 −467 −432 −664 −124 −219 −62 −196

Δ𝐻0298

Gas −1196 −2083 −1285 −2160 −1218 −2114 −312 −759 −907 −1754
Water −279 −438 −270 −446 −424 −645 −124 −214 −59 −179
benzene −644 −1097 −683 −1174 −759 −1287 −204 −453 — −821
DMF −289 −486 −282 −469 434 −666 −126 −222 −68 −198

Δ𝐺0298

Gas −1152 −2043 −1182 −2121 −274 −2072 −1242 −722 −864 −1714
Water −236 −396 −384 −405 −88 −605 −227 −180 −13 −140
benzene −598 −1058 −719 −1132 −165 −1245 −634 −416 — −778
DMF −246 −446 −395 −428 −91 −629 −240 −187 −21 −159

1b 6B 2b 7B 3b 8B 4b 9B 5b 10B

𝐷𝑒

Gas −1219 −2093 −1304 −2169 −1231 −2063 −318 −758 −926 −1763
Water −274 −383 −269 −448 −422 −606 −119 −211 −56 −825

Benzene −653 −1138 −691 −1180 −764 −1241 −204 −452 −382 —
DMF −285 −459 −282 −471 −433 −628 −122 −219 −64 —

Δ𝐻0298

Gas −1222 −2095 −1307 −2171 −1233 −2066 −320 −760 −929 −1765
Water −277 −385 −272 −450 −425 −609 −121 −213 −58 —

Benzene −656 −1141 −694 −1183 −767 −1243 −207 −455 −385 −828
DMF −288 −461 −284 −474 −435 −630 −124 −222 −67 —

Δ𝐺0298

Gas −1177 −2053 −1199 −2130 −283 −2029 −1265 −721 −887 −1726
Water −233 −344 −382 −409 −85 −578 −228 −179 −15 —

Benzene −608 −1103 −728 −1144 −171 −1211 −647 −421 −334 −789
DMF −244 −414 −392 −427 −88 −595 −240 −182 −24 —

1c 6C 2c 7C 3c 8C 4c 9C 5c 10C

𝐷𝑒

Gas −1226 −2093 −1310 −2168 −1234 −2061 −317 −755 −933 −1764
Water −274 — −264 −444 −417 −602 −114 −207 −53 −175

Benzene −655 −1140 −692 −1179 −761 −1239 −202 −451 −383 −825
DMF −282 −485 −281 −467 −427 −6024 −117 −215 −62 −194

Δ𝐻0298

Gas −1229 2096 −1312 −2170 −1237 −2063 −319 −757 −936 −1766
Water −277 — −266 −446 −420 −604 −117 −210 −55 −177

Benzene −658 −1142 −695 −1181 −764 −1241 −204 −453 −385 −827
DMF −284 −487 −267 −470 −430 −629 −119 −218 −65 −197

Δ𝐺0298

Gas −1182 −2055 −1201 −2129 −280 −2027 −1268 −718 −893 −1728
Water −231 — −376 −404 −76 −573 −219 −173 −14 −137

Benzene −608 −1103 −722 −1142 −163 −1209 −642 −416 −335 −790
DMF −240 −446 −385 −428 −79 −594 −239 −181 −22 −158

poor description of the electron-electron repulsion. In the
whole, higher differences are obtained for Cu2+-complexes
for both ligands.

3.2. Metal Binding Selectivity. Table 2 gives the B3LYP/Mixed
I complexation energies of the M-ADPHT complexes in
various media. All the complexation energies are highly
negative showing that the reaction is highly exothermic. One
can observe a relevant decrease of the binding energies when
passing from the gas-phase to solvent-phases. This drop is

directly attributed to solvent effect that hampers the interac-
tion between transitionmetal cation andADPHT ligand.This
diminution is more pronounced for protic solvents (water
and DMF).

The complexation energies for solvent-phase are corre-
lated to M-O𝑖 (𝑖 = 2, 3) bond distances presented in the
previous section. Figure 3 and Table 2 display for neutral
ligands (a, b, and c) an increasing binding selectivity in the
following order: Zn2+ < Fe2+ < Cu2+ < Ni2+. This is in line
with the previous works which exhibited the highest affinity
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Figure 3: Superposition of metal binding energy values (in kJ/mol) obtained using B3LYP/Mixed I, B3LYP/Mixed II, and CCSD(T) for
neutral ADPHT ligands (a) and for deprotonated ADPHT ligands (b).

of Ni2+ compared to other divalent first-row transition metal
cations for glycine, glycine derivatives [40], polyether [41],
and polyamine ligand [41].TheM2+-ADPHT complexes have
higher metal ion affinities than the Cu+-ADPHT complexes.
For both complexes, the higher binding abilities are obtained
for c neutral ligand.

Our data show that the deprotonation of the ligand
increases the binding affinity independently of the metal
cation used. From Table 2, it is revealed that the binding
energy difference between the value obtained from neutral
ligand and that from deprotonated ones is in the following
ranges: 827–897 kj/mol forM2+-ADPHT and 438–447 kj/mol
for Cu+-ADPHT in gas-phase. The calculated trend for 𝐷𝑒
is in agreement with the notable decrease of M-O𝑖 (𝑖 =
2, 3) bond distances of optimized complexes obtained in
gas-phase from deprotonated ligands evoked in previous
section (Figure 2 and Tables 1–3S in the supporting infor-
mation). This increase of binding affinity is also observed
in solution-phase. For the deprotonated ligand A, a similar
increasing binding selectivity is observed compared to that
of neutral ligand, whereas Figure 3 clearly reveals that
the B3LYP/Mixed I complexation energies of the divalent
ion with deprotonated ligands (B and C) follow the order
of Zn2+ < Cu2+ < Fe2+ < Ni2+. A similar situation was
found for B3LYP/Mixed II values. In the whole, the latter
is higher than the former for divalent transition cations
with the exception of Zn2+-complexes. The average differ-
ence reached 6.2 and 67.0 kJ/mol, respectively, for neutral
ADPHT –M2+ complexes and deprotonated ADPHT –M2+
complexes. For neutral ADPHT –Cu+ complexes, Figure 3
also displays the drastic drop that is in 197.3–199.7 kJ/mol. In
the same vein, difference in complexation energy values in the
range 100.5–641.4 kJ is observed for deprotonated ADPHT

–M2+ complexes when passing from B3LYP calculations to
CCSD(T) ones (Figure 3). This similar larger difference has
been found by Constantino et al. in the theoretical study on
interactions of Co+ and Co2+ with glycine [35].We attributed
this fact to a bad annulment of self-interaction term by
the exchange functional that leads to overstabilization of
molecular systems by density functionalmethods. For neutral
ADPHT –M2+ complexes, this difference is variable. In the
case ofNi2+-complexes, differences are in a very narrow range
of 4.4–9.5 kJ/mol for calculations related to B3LYP/Mixed II.

The calculated interaction enthalpies presented in Table 2
do not give any additional relevant information on the metal
binding selectivity. In order to get a deep insight into the
capacity of ADPHT ligands to be bound to metal cations, we
have calculated the interaction free energies. The calculated
results obtained in various media inserted in Table 2 are neg-
ative showing that the formation of M𝑛+-ADPHT complexes
(𝑛 = 1, 2) is spontaneous. A comparison of the interaction
free energies of Cu2+ and Cu+ in various media shows that
the preference of bothmetal cations depends on the nature of
the ADPHT ligands.

We note that higher capacity of the neutral ligand to
bind to Cu+ cation is observed. Contrary to monovalent
copper cation, higher capacity is attributed to complexation
of deprotonated ligand to Cu2+. We find again that our
results indicate that all divalent metal cations prefer to be
bound to deprotonated ADPHT ligands. In gas-phase, the
lower interaction free energies obtained for Ni2+-ADPHT
complexes confirms the preference of both ligands to bind to
Ni2+ previously evoked in this section.

3.3. Electronic Structure and Atoms in Molecules Analysis. In
previous studies, it has been found that the HOMO-LUMO
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Figure 4: Schematic representation of frontier molecular orbitals of M-ADPHT complexes (R = H): neutral ligand-divalent metal cation
complexes (a) and deprotonated ligand-divalent metal cation complexes (b).

energy gap is an important stability descriptor [41–44]. The
large HOMO-LUMO energy gap is consistent to stable and
little reactive systems, but, in the contradictory case, the
little stable systems correspond to highly reactive systems.
The orbital frontier eigenvalues and HOMO-LUMO gaps of
different complexes calculated in various media are inserted
in Table 3. Our data reveal that deprotonated ADPHT ligand-
M2+ complexes are the most stable ones in gas-phase. The
highest HOMO-LUMO energy gap matches up with the
monodental complex 8A in the same medium. This explains
why the electron cloud of HOMO is mainly localized on
atoms of benzyl rings and on the metal atom for complex
8A (see Figure 4). On the contrary, for other complexes,
this cloud is exclusively located on atoms of benzyl ring.
The solvation studied enhances the stability of the complexes
studied. This enhancement is more pronounced for protic
solvent (water and DMF). The comparison between the
HOMO-LUMO gap on isolated ligands (Table 4S in the
supporting information) and that of complexes reveals that
themetal chelation of isolated ligands reduces their stabilities
independently of the medium.

The HOMO eigenvalues are used to characterize the
donating ability of the molecule. Higher value of HOMO
energy indicates a predisposition of the molecular system
to loss electrons [45]. Higher value of HOMO energy is
therefore an indication of the higher antioxidant activity [46].

In gas-phase, the values of HOMO energy of the isolated
ligands (Table 4S in the supporting information) exhibit 𝐸c >
𝐸b > 𝐸a for neutral ligands and 𝐸B > 𝐸C > 𝐸A for depro-
tonated ones. One can then conclude that the orders for the
antioxidant activity of these ADPHT ligands are c > b > a and
B > C > A, respectively, for neutral ligands and deprotonated
homologs. For the former, this order remains invariable upon
chelation with a metal ion with exception made to Ni2+ (c
= b > a) in gas-phase. For the latter, the complexation of
the deprotonated ligand leads to versatile results. This result

corroborates with previous theoretical research on Hydrogen
Atom Transfer in the reaction of metal-associated phenolic
acids with OH∙ radical that showed that the ordering for
antioxidant activity of the neutral phenolic acids does not
change upon chelation with a divalent metal cation [45].
Our results also demonstrate that the solvation of complexes
augments the antioxidant activity of the complexes. This
augmentation is more sensitive for protic solvents (water
and DMF). These results are consistent with previous studies
on neutral ADPHT ligand [18] and other molecular systems
[47, 48].The explanation is that the charge-separation process
is quite sensible to polarity of solvent [49]. From Table 3,
an increase of dipole of complexes is observed with the
increase of the solvent’s polarity declines the strength of X-H
(X = N, C) bonds and subsequently increases the antioxidant
activity of complexes formed. This conclusion is in line with
previous works [47–51]. The survey of HOMO eigenvalues
and dipole moments of optimized isolated ADPHT ligands
(Table 4S in the supporting information) compared to those
of its complexes highlights the augmentation of antioxidant
activity at the end of the complexation in various media.

Table 3 also shows an authentication of charge donation
from ligand tometal atom.This donation ismore sensitive for
deprotonated ligands. Such a greater electron transfer from
these ligands to metal (II) atom is a plausible explanation
of their higher stabilities previously evoked. Our data also
expose a greater electron transfer Cu(II)-complexes for both
ligands.The calculatedNBO charges onmetal (II) atom are in
good agreement with previous theoretical researches [40, 52]
that disclosed the fact that greater electron transfer from
the electron donor to the acceptor leads to higher stability.
On the whole, the value of the metal charge carried by
the metal cation in gas-phase was in the following ranges:
+(0.81–1.23) for iron, +(0.95–1.04)𝑒 for nickel, +(0.75–0.92)𝑒
for copper, and +(0.9–1.61)𝑒 for zinc. This shows that a real
charge transfer leads to an increase of the electronegativity
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Table 3: NBO charge (q/e) carried by themetal ion, the orbital frontier eigenvalues (eV), LUMO-HOMOgap (Δ𝐸 in eV), and dipolemoments
(Debye) for ADPHT ligand-metal complexes in various media at B3LYP/Mixed I level.

Q/e 𝐸HOMO (eV) 𝐸LUMO (eV) Δ𝐸 (eV) 𝜇 (Debye) Q/e 𝐸HOMO (eV) 𝐸LUMO (eV) Δ𝐸 (eV) 𝜇 (Debye)
Gas phase
1a 1.23 −13.08 −12.42 0.66 6.50 6A 1.06 −9.23 −8.04 1.19 8.09
1b 1.22 −13.02 −12.27 0.75 6.41 6B 0.81 −9.25 −7.89 1.36 7.46
1c 1.22 −12.96 −12.19 0.77 6.95 6C 1.05 −9.23 −7.85 1.38 7.60
2a 1.05 −13.60 −12.70 0.90 1.79 7A 0.95 −9.63 −8.50 1.13 4.63
2b 1.05 −13.49 −12.59 0.99 1.89 7B 0.95 −9.58 −8.41 1.17 4.51
2c 1.04 −13.49 −12.50 0.99 2.52 7C 0.95 −9.57 −8.40 1.17 4.92
3a 0.92 −13.76 −12.85 0.91 7.87 8A 0.75 −10.65 −8.16 2.49 2.27
3b 0.92 −13.63 −12.70 0.93 7.09 8B 0.85 −9.78 −8.41 1.37 2.71
3c 0.92 −13.59 −12.63 0.96 6.93 8C 0.85 −9.75 −8.38 1.37 2.98
5a 1.61 −12.86 −12.17 0.69 7.92 10A 1.50 −9.05 −8.15 0.9 9.57
5b 1.62 −12.80 −12.04 0.76 7.98 10B 1.49 −9.05 −8.03 1.02 9.05
5c 1.61 −12.75 −11.98 0.77 8.58 10C 1.49 −9.03 −7.99 1.04 9.27
Water
1a 1.58 −7.21 −4.33 2.88 15.03 6A 1.41 −6.68 −3.39 3.29 15.17
1b 1.57 −7.20 −4.28 2.92 14.85 6B 1.37 −6.24 −3.52 2.72 12.45
1c 1.58 −7.21 −4.31 2.90 15.98 6C 0.90 −7.21 −4.31 2.9 15.98
2a 1.36 −7.28 −5.40 1.88 1.36 7A 1.41 −6.74 −4.47 2.27 12.93
2b 1.35 −7.29 −5.37 1.92 1.35 7B 1.37 −6.73 −4.42 2.31 12.14
2c 1.35 −7.30 −5.38 1.92 1.35 7C −6.74 −4.41 2.33 12.93
3a 1.22 −7.67 −6.49 1.18 4.92 8A 1.25 −7.18 −4.73 2.45 3.64
3b 1.24 −7.48 −6.46 1.02 7.11 8B 1.25 −6.85 −−5.04 1.81 7.60
3c 1.24 −7.48 −6.46 1.02 7.79 8C 1.25 −6.84 −5.03 1.81 7.80
5a 1.61 −7.09 −2.22 4.87 17.97 10A 1.79 −6.50 −1.76 4.74 18.17
5b 1.62 −7.11 −2.30 4.81 17.56 10B
5c 1.61 −7.11 −2.29 4.82 18.40 10C 1.78 6.48 1.75 4.73 18.3
Benzene
1a 1.39 −9.58 −8.21 1.37 10.68 6A 1.10 −7.71 −5.63 2.08 10.03
1b 1.49 −9.59 −8.10 1.49 10.24 6B −7.70 −5.64 2.06 10.7
1c 1.51 −9.60 −8.09 1.51 10.95 6C 1.22 −7.66 −5.62 2.04 11.00
2a 1.19 −9.90 −8.82 1.08 6.90 7A 1.09 7.84 6.45 1.39 8.57
2b 1.18 −9.87 −8.75 1.12 6.70 7B −7.82 −6.37 2.04 8.29
2c 1.18 −9.83 −8.73 1.10 7.45 7C 1.08 −7.82 −6.36 1.46 8.77
3a 0.97 −10.37 −9.23 1.14 6.43 8A 0.38 −8.73 −6.24 2.49 2.67
3b 0.99 −10.32 −9.18 1.14 5.28 8B 0.42 −7.97 −6.52 1.45 5.51
3c 0.99 −10.29 −9.16 1.13 5.74 8C 0.88 −7.97 −6.51 1.46 5.65
5a 10A 1.65 −7.49 −5.04 2.45 13.39
5b 1.76 −9.44 −6.93 2.51 12.3 10B 1.64 −7.50 −4.97 2.53 12.79
5c 1.75 −9.44 −6.97 2.47 13.4 10C 1.76 −7.50 −5.00 2.50 13.21
DMF
1a 1.57 −7.28 −4.48 2.80 14.83 6A — — — — —
1b 1.56 −7.28 −4.42 2.86 14.65 6B 1.40 −6.68 −3.45 3.23 14.10
1c 1.55 −7.28 −4.39 2.89 16.04 6C 1.47 −6.58 −3.37 3.21 15.57
2a 1.35 −7.36 −5.54 1.82 12.21 7A 1.24 −6.77 −4.55 2.22 12.78
2b 1.34 −7.37 −5.50 1.87 12.02 7B 1.24 −6.76 −4.50 2.26 11.99
2c 1.18 −7.37 −5.48 1.89 12.66 7C 1.24 −6.77 −4.49 2.28 12.75
3a 1.20 −7.81 −6.58 1.23 4.08 8A 0.80 −7.23 −4.77 2.46 3.60
3b 1.22 −7.61 −6.55 1.06 6.28 8B 0.93 −6.88 −5.08 1.8 7.54
3c 1.22 −7.59 −6.55 1.04 6.70 8C 0.92 −6.88 −5.08 1.8 7.73
5a 1.85 −7.16 −2.46 4.70 17.77 10A 1.79 −6.52 −1.91 4.61 18.18
5b 1.85 −7.18 −2.47 4.71 17.37 10B 1.85 −7.18 −2.47 4.71 17.37
5c 1.85 −7.18 −2.45 4.73 18.23 10C 1.78 6.52 1.88 4.64 18.11
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Figure 5: Correlation between the MIA (kJ/mol) and retained charge (Q/e) of Fe (a) and correlation between the MIA (kJ/mol) and retained
charge (Q/e) of Ni (b).
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Figure 6: Correlation between theMIA (kJ/mol) and retained charge (Q/e) of Cu (a) and correlation between theMIA (kJ/mol) and retained
charge (Q/e) of Zn.

of the metal ions that then has undergone a reduction. We
then concluded that the metal cation plays an oxidation role
towards both ligands.These observations are similar to those
made on quercetin [53] and on phenolic acids [52].

To see the possible correlation between the retained NBO
charge on the metal atom andmetal MIA of each of the metal
atoms, the two parameters are plotted (Figures 5 and 6). In
the four cases (Fe2+, Ni2+, Cu2+, and Zn2+), MIA values vary
proportionately with the retained charge of the metal ion for
deprotonated ADPHT ligands. On the contrary, MIA values
vary inversely with the retained charge of the metal cation.
Our results show that the solvation diminishes the electron
donation from the ligand to metal atom, except for 5𝑖 (𝑖 = a,
b, and c) complexes in water and for 8C in benzene.

The differences in retained charge on metal atom
resulting from the various media were in the following
ranges: (0.15–0.46)𝑒 for water, (0.05–0.43)𝑒 for benzene, and
(0.14–0.59)𝑒 for DMF (see Table 3). Therefore, one could
presume that the diminution of electron transfer is more
enunciated in polar solvent.

So as to get detailed information on electron transfer in
the coordination sphere complex, we presented in Figure 7
the second-order perturbation energy stabilization (𝐸2) asso-
ciated with the electron donation: electron donor (O2 or O3)
to the acceptor (metal atom). The 𝐸2 values range from 4.4
to 49.68 kJ/mol and from 2.76 to 119.98 kJ/mol, respectively,
for metal-neutral ligand complexes and metal-deprotonated
ligand complexes. The higher gap between the contribution
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Figure 7: Second perturbative interaction energies 𝐸2 (in kJ⋅mol−1) between the first-row transition metals and lone pair electron ligand
atoms (oxygen atom O3 and oxygen atom O2) for each complex: 𝐸2 energies for neutral ligands (a) and 𝐸2 energies for deprotonated ligands
(b).

of O2 → metal donation and that of O3 → metal ones is
obtained for Fe-complexes in both cases (with exception to
6C) in favor of the former one. This higher gap varies from
12.24 to 46.78 kJ/mol. This higher contribution of O2 →
metal donation is also observed when the Cu+ and Zn2+ were
chelated to the deprotonated ligands. Figure 6 also exhibits
a drastic drop of both contributions for Cu2+-complexes.The
negligible contribution ofO2 →metal donation (2,76 kJ/mol)
highlighted the monodental nature of 8A structure evoked
in the prior geometrical analysis. To better appreciate the
impact of themetal chelation beyond the coordination inner-
sphere, we made a comparison between calculated energies
of hyperconjugative interaction for neutral ADPHT ligands
and those of its complexes (Table 5S in supporting informa-
tion). In the whole, this comparison exhibits the noteworthy
influence of the metal chelation on the interaction within
both ligands used in this work. This fact is in agreement with
the significant activation of adjacent bonds of metal cations
previously underlined.

The topological parameters obtained at B3LYP/Mixed II
level are inserted in Tables 4 and 5. The positive ∇2(𝜌(𝑟))
values and negative 𝐻(𝑟) values obtained illustrate that the
M2+-O𝑖 (𝑖 = 2, 3) bonds are partly covalent. This result is
confirmed by the fact 0.5 < −𝐺(𝑟)/](𝑟) < 1. Close in-
spection of Table 4 reveals that the 𝜌(𝑟) values of M2+-O3
bond are larger than that for M2+-O2 bond for M2+-neutral
ADPHT complexes with exception of 2a. This observation
points out that M2+-O3 bonds are stronger than M2+-O2
bond of these complexes.This corroborates the fact thatM2+-
O2 bonds are stronger than M2+-O2 bonds. Nevertheless,
Table 4S displays contrary information forM2+-deprotonated
ADPHT complexes. The 𝜌(𝑟) values of M2+-O𝑖 (𝑖 = 2, 3) in
Cu2+-deprotonated ADPHT complexes are higher than that
for Cu+ complexes. This confirms the preference of Cu2+ to

bind deprotonated ligand. The 𝜌(𝑟) values of M2+-O𝑖 (𝑖 =
2, 3) in M2+-deprotonated ADPHT complexes are sensitively
higher than its homolog in M2+-neutral ADPHT complexes
with exception to Fe2+-complexes. The 𝜌(𝑟) value difference
ranges from 0.006 to 0.038. Consequently, the M2+-O𝑖 (𝑖 =
2, 3) in M2+-deprotonated ADPHT complexes are stronger
than that in M2+-neutral ADPHT complexes. This result is
in line with the fact that metal ligand distances in the former
are lower.

3.4. Proton Affinity. In order to investigate the possibility of
deprotonation of metal-neutral ligand complexes in various
media, the authors analyzed the PA and PAFE values of
the complexes. We absolutely need the enthalpy and free
energy of H+ to determine the thermodynamic energies.
The calculated values of these thermodynamic energies used
in this work are compiled in Table 6S. In the interest of
comparison, we presented inTable 7S the PA andPAFE values
of isolated neutral ligands and its complexes in variousmedia.
Amajor drop of the PA values is observed when passing from
ligands to complexes in gas-phase.This drop is lower for Cu+-
complexes.

Such a drop discloses the notable enhancement of antiox-
idant activities of neutral ligands in gas-phase. This fact is in
good agreement with the increase of the X-H bond distances
induced by the metal chelation (shown in Figure 1S). This
augmentation of the antioxidant activities has been pointed
out in our previous researches [54]. The difference in PA
values from ligands to complexes declines in solution-phase.

We therefore concluded that the solvation reduces the
enhancement of the antioxidant activities induced by the
metal chelation. The positive PA values obtained for all
the complexes revealed that the deprotonation of metal-
neutral ligand complexes is endothermic in gas-phase, water,
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Table 4: Topological parameters of the metal-ligand for optimized structures at B3LYP/Mixed II level for neutral ADPHT-M2+-complexes.

M2+-O2 M2+-O3
1a 2a 3a 4a 5a 1a 2a 3a 4a 5a

𝜌(𝑟) 0.121 0.133 0.108 0.107 0.112 0.134 0.133 0.113 0.106 0.113
∇2(𝜌(𝑟)) 0.852 0.902 0.564 0.550 0.510 0.852 0.878 0.589 0.526 0.510
𝐻(𝑟) −0.009 −0.022 −0.036 −0.038 −0.047 −0.018 −0.022 −0.037 −0.039 −0.048
𝐺(𝑟) 0.222 0.247 0.176 0.175 0.175 0.230 0.247 0.176 0.170 0.176
](𝑟) −0.231 −0.269 −0.212 −0.213 −0.222 −0.248 −0.269 −0.212 −0.209 −0.224
−𝐺(𝑟)/](𝑟) 0.962 0.920 0.833 0.823 0.787 0.929 0.920 0.833 0.815 0.785

1b 2b 3b 4b 5b 1b 2b 3b 4b 5b
𝜌(𝑟) 0.124 0.133 0.109 0.108 0.113 0.133 0.135 0.115 0.106 0.115
∇2(𝜌(𝑟)) 0.846 0.908 0.572 0.552 0.516 0.856 0.888 0.600 0.527 0.521
𝐻(𝑟) −0.011 −0.022 −0.036 −0.038 −0.048 −0.017 −0.023 −0.037 −0.039 −0.049
𝐺(𝑟) 0.223 0.249 0.179 0.176 0.177 0.231 0.245 0.187 0.170 0.229
](𝑟) −0.234 −0.270 −0.214 −0.213 −0.225 −0.248 −0.269 −0.225 −0.209 −0.229
−𝐺(𝑟)/](𝑟) 0.953 0.920 0.834 0.823 0.787 0.931 0.913 0.834 0.815 0.785

1c 2c 3c 4c 5c 1c 2c 3c 4c 5c
𝜌(𝑟) 0.122 1.34 0.110 0.108 0.113 0.137 0.136 0.116 0.107 0.115
∇2(𝜌(𝑟)) 0.856 0.911 0.576 0.552 0.517 0.877 0.890 0.602 0.528 0.522
𝐻(𝑟) −0.009 −0.022 −0.036 −0.038 −0.048 −0.019 −0.024 −0.038 −0.039 −0.049
𝐺(𝑟) 0.223 0.250 0.180 0.176 0.177 0.238 0.246 0.188 0.171 0.180
](𝑟) −0.233 −0.271 −0.215 −0.213 −0.225 −0.257 −0.270 −0.226 −0.209 −0.230
−𝐺(𝑟)/](𝑟) 0.959 0.920 0.834 0.823 0.787 0.926 0.912 0.834 0.815 0.785

Table 5: Topological parameters of the metal-ligand for optimized structures at B3LYP/Mixed II level for deprotonated ADPHT-M2+-
complexes.

M2+-O2 M2+-O3
6A 7A 8A 9A 6A 7A 8A 9A

𝜌(𝑟) 0.162 0.158 0.138 0.132 0.131 0.139 0.125 0.120
∇2(𝜌(𝑟)) 1.019 1.004 0.759 0.634 0.865 0.935 0.679 0.552
𝐻(𝑟) −0.035 −0.036 −0.045 −0.058 −0.015 −0.024 −0.039 −0.052
𝐺(𝑟) 0.290 0.287 0.235 0.216 0.232 0.258 0.210 0.190
](𝑟) −0.325 −0.322 −0.281 −0.274 −0.247 −0.282 −0.248 −0.242
−𝐺(𝑟)/](𝑟) 0.893 0.889 0.838 0.790 0.937 0.914 0.842 0.784

6B 7B 8B 9B 6B 7B 8B 9B
𝜌(𝑟) 0.162 0.158 0.138 0.132 0.133 0.140 0.126 0.121
∇2(𝜌(𝑟)) 1.017 1.003 0.762 0.633 0.869 0.932 0.684 0.556
𝐻(𝑟) −0.035 −0.036 −0.046 −0.058 −0.016 −0.025 −0.040 −0.053
𝐺(𝑟) 0.289 0.286 0.236 0.216 0.234 0.258 0.211 0.191
](𝑟) −0.324 −0.322 −0.282 −0.274 −0.250 −0.283 −0.251 −0.244
−𝐺(𝑟)/](𝑟) 0.892 0.889 0.838 0.789 0.934 0.911 0.841 0.784

6C 7C 8C 9C 6C 7C 8C 9C
𝜌(𝑟) 0.162 0.158 0.138 0.132 0.133 0.141 0.126 0.121
∇2(𝜌(𝑟)) 1.017 1.005 0.758 0.634 0.870 0.933 0682 0.554
𝐻(𝑟) −0.035 −0.036 −0.046 −0.058 −0.017 −0.025 −0.040 −0.053
𝐺(𝑟) 0.289 0.287 0.235 0.216 0.234 0.259 0.210 0.191
](𝑟) −0.324 −0.323 −0.281 −0.274 −0.251 −0.284 −0.250 −0.244
−𝐺(𝑟)/](𝑟) 0.892 0.889 0.837 0.789 0.933 0.911 0.840 0.784
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and DMF (3a complex excepted). It is fair to note that
this deprotonation remains endothermic in benzene only
for Cu+ and Zn2+-complexes. The positive PAFE values
obtained show that the deprotonation of metal-neutral lig-
and complexes is not spontaneous with exception made
to minority of endothermic deprotonation previously men-
tioned.

4. Conclusions

In this study, we have presented the B3LYP/Mixed I and
B3LYP/Mixed II calculations which allowed us to treat the
complexation of 3-alkyl-4-phenylacettylamino-4,5-dihydro-
1h-1,2,4-triazol-5-one derivatives by metal cation (Fe2+, Ni2+,
Cu2+, Cu+, and Zn2+). The optimizations yield a unique
coordinationmode (O3, O2) independent of the nature of the
ligand. In the whole, the optimization leads to longer M-O2
bond distances, compared to those of M-O3 bonds in gas-
phase. Our results indicate that the M2+-O𝑖 (𝑖 = 2, 3) bond
distances yielded by B3LYP/ Mixed II are shorter than those
relative to B3LYP/Mixed I due to the poor description of the
electron-electron repulsion by this latter. The variations of
the B3LYP/Mixed I geometrical parameters are very variable
in solution-phase. The metal chelation slightly induces an
increase of the X-H bond distances that leads to the enhance-
ment of the antioxidant activities of ligands. This shortening
of the X-H bond is in agreement with the major drop of the
PA values observed when passing from ligands to complexes
in gas-phase. The highly negative values of the complexation
energies of the M-ADPHT complexes in various media
showed that the metal chelation is exothermic. The authors’
data revealed that the solvation of complexes drops these
complexation energies. This diminution is more pronounced
for protic solvents. The highest affinity is obtained for Ni2+.
From our calculations, we conclude that the formation of
M𝑛+-ADPHT complexes (𝑛 = 1, 2) is spontaneous. The
HOMO-LUMO gap values reveal that deprotonated ADPHT
ligand-M2+-complexes are the most stable ones in gas-phase.
The highest value of the HOMO-LUMO gap is obtained for
the monodental Cu2+ complexes obtained. The variation of
the values of this gap revealed the fact that the solvation
enhances the stability of the complexes. This enhancement is
more pronounced in protic solvents. For the neutral ligands,
the metal chelation does not affect the increasing order of
the HOMO values (with exception made to Ni2+) in gas-
phase. Our results also show that the solvation of complexes
augments the HOMO values and therefore enhances the
antioxidant activity of the complexes. The calculated NBO
charge on metal (II) atom illustrates a clear relationship
between greater electron transfer from the electron donor to
the acceptor and higher stability. The metal cation then plays
an oxidation role towards both ligands.TheMIA value varies
proportionately with the retained charge of the metal ion for
deprotonated ADPHT ligands. The comparison of calculated
energies of hyperconjugative interaction for neutral ADPHT
ligands and those of its complexes exhibits the noteworthy
influence of the metal chelation on the interaction within
both ligands used. The topological parameters yielded from

Quantum Theory of Atom in Molecules (QTAIM) indicate
that metal-ligand bonds are partly covalent.
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We present an inclusive characterization of the unimetallic and heterobimetallic complexes of copper synthesized using CuCl2
and diamine (4-fluoro 1,2-phenylenediamine) resulting in monometallic complex which further undergoes treatment with
organometallic dichlorides of group 4 and 14 in 1 : 2 molar ratio resulting in heterobimetallic complexes. (ese complexes
thoroughly characterized using various physical, analytical, and spectroscopic techniques indicate square planar and distorted
octahedral geometry for the synthesized unimetallic and heterobimetallic complexes, respectively. (ese complexes were
evaluated for their antimicrobial efficacy against various bacterial and fungal strains while hepatoprotective activity was also
examined in male albino rats.

1. Introduction

(e advances in the field of bioinorganic chemistry have
augmented the interest in heterobimetallic complexes since
it has been recognized that many of these complexes may
serve as biologically significant species [1]. (e biomedical
inorganic chemistry has been a captivating research area due
to extensive applications of inorganic pharmaceuticals in
innumerable clinical therapy and diagnosis [2]. Transition
metal complexes have received much attention because of
their biological activities, including antiviral [3], anticarci-
nogenic [4], antifertility [5], antibacterial [6], and antifungal
activities [7].

Among the transition metals, copper has been the most
studied metal ion. It is one of the trace elements essential for
human life, vital for the function of enzymes, protein and
DNA synthesis, and also in the regulation of intracellular
redox potential. Ceruloplasmin, the major copper-carrying
protein in the blood is bound to almost all the copper pre-
vailing in the serumof living organisms.(ere is a reduction of
copper from oxidation state +2 to +1 by metalloreductases at
the cell surface, before uptake into the cell [8].(e chemistry of
copper has been ruled essentially by copper(II) compounds,

chiefly due to the difficulty arising in stabilizing copper(I)
species. Due to the ineffable biological significance, an
enormous amount of copper(II) complexes have been syn-
thesized and explored for their biological activities [9–14].

(e emphasis has been laid down on the design of het-
erobimetallic complexes based on the inference that com-
bining two different metal centers in the same molecule
results into the substantial modification of reactivity over that
of their monometallic species. (e provocative properties of
heterobimetallic complexes ascend from the possible “syn-
ergistic” effect of two different metal ions held together in
close proximity [15]. (ese annotations have emboldened
chemists to synthesize new heterobimetallic complexes
comprising two different metal centers with an impression
being that such a system will be more efficacious than the
unimetallic species involving the individual metal centers for
numerous fundamental reactions [16]. Considering the sig-
nificant role of Cu(II) played in human beings, in addition to
its proficient biological activity, we have synthesized and
characterized the mononuclear and heterobimetallic Cu(II)
complexes with organometallic dichlorides of group 4 and 14
in the presence of 4-fluoro 1,2-phenylenediamine in the
current study. Besides the characterization of complexes by
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various physicochemical techniques, their examination against
bacterial strains, namely, Escherichia coli (MTCC1687) and
Staphylococcus aureus (MTCC96) and some fungal strains,
namely, Fusarium oxysporum andAspergillus nigerwas carried
out with antibiotic streptomycin and Bavistin used as
standards.

Apart from antimicrobial activity, hepatoprotectivity of
the complexes was also evaluated using male albino rats. (e
imperative functions in regulating and maintaining ho-
meostasis of the body are performed by the liver, which is
also known for its vital role in fat metabolism, bile secretion,
storage of vitamins, and detoxification of endogenous and
exogenous substances. (erefore, to remain healthy is
crucial to maintain a healthy liver [17]. Hepatotoxicity
entails chemical-driven liver damage.(e considerable cause
for the occurrence of iatrogenic diseases is drug-induced
hepatotoxicity, and hence, there is an acute necessity for
developing reliable hepatoprotective drugs contributing to-
wards the current medical practice. Hence, the synthesized
heterobimetallic complexes of copper were inspected for their
hepatoprotective activity in male albino rats, and the results
obtained were quite encouraging.

2. Experimental

2.1.Materials. All the chemicals used were of AnalaR grade.
CuCl2, 4-fluoro 1,2-phenylenediamine, and organometallic
dichlorides were purchased from Sigma-Aldrich and used as
obtained. (e solvents used were purchased from HiMedia
and were distilled and dried before use.

2.2. Physical Measurements and Analytical Methods. (e IR
spectra (4000–200 cm−1) were recorded on a Nicolet Magna
FTIR-550 spectrophotometer in the form of KBr pellets
while the far infrared spectra of the complexes were recorded
on the same spectrophotometer in Nujol mulls using CsI
cell. Conductivity measurements of the compounds were
measured in 10−3M DMF solution on a Century Digital
conductivity meter model CC601. Electronic spectra were
recorded on a UV-visible spectrophotometer 752/752N.
X-ray powder diffraction spectra of the compound were
obtained on PANalytical X’pert Pro 3040 Almelo, while EPR
spectra of the complexes were recorded on a Varian E-4 EPR
spectrometer. Molecular weights were determined by the
Rast Camphor method. Metal contents were estimated
gravimetrically. Nitrogen and chlorine were estimated by the
Kjeldahl’s method and the Volhard’s method, respectively.

2.3. Synthesis of Monometallic Complex [Cu(C6H7N2F)2]Cl2.
(e monometallic complex was prepared by dissolving
anhydrous CuCl2 (1.34 g, 0.01mol) in hot methanol in a
100mL round-bottomed flask to which the required amount
of diamine, that is, 4-fluoro 1,2-phenylenediamine (2.52 g,
0.02mol) was added drop wise in 1 : 2 stoichiometric ratio
under constant stirring. (e product thus obtained was
washed withmethanol and recrystallized from a 1 :1 solution
of benzene and methanol and then dried in vacuo.

2.4. Synthesis of Heterobimetallic Complex [Cu
(C6H5N2F)2Sn2(Ph)4Cl2]. (is complex was obtained
by mixing a methanolic solution of monometallic complex
[Cu(C6H7N2F)2]Cl2 (3.86 g, 0.01mol) to a methanolic so-
lution of Ph2SnCl2 (6.88 g, 0.02mol) in 1 : 2 stoichiometric
proportions under constant stirring. (e mixture resulted
into a solid product, obtained after keeping the reaction
mixture overnight at room temperature. (e colored product
thus attained was washed with methanol and then dried in
vacuo. All the other complexes were synthesized using the
same procedure by replacing Ph2SnCl2 with (CH3)2SnCl2,
Ph2SiCl2, (Cp)2TiCl2, and (Cp)2ZrCl2, respectively.

(e monometallic and heterobimetallic complexes re-
ported in the current work were synthesized as outlined in
Scheme 1.

2.5. Biological Assay

2.5.1. Test Microorganisms. Unimetallic complex of Cu(II)
and its corresponding heterobimetallic complexes have been
examined for their fungicidal and bactericidal efficacy. (e
bacterial and fungal species used for evaluating antimicro-
bial activity of the synthesized complexes were Escherichia
coli, Staphylococcus aureus, Fusarium oxysporum, and As-
pergillus niger.

(1) Antibacterial Activity. (e synthesized complexes were
appraised for their antibacterial activity against the bacterial
strains Escherichia coli (MTCC1687) and Staphylococcus
aureus (MTCC96) by employing the inhibition zone tech-
nique [18]. In this technique, a nutrient agar medium
comprising 5 g peptone, 3 g beef extract, 20 g agar-agar, and
5 g NaCl were suspended in 1000mL distilled water, which
was further boiled, allowing all the ingredients to dissolve
completely. (e prepared agar medium was then poured
into the petriplates thereby allowing it to solidify. Solutions
of the test compounds in methanol with 500 and 1000 ppm
concentrations were prepared. (e Whatman No. 1 paper
discs with 5mm diameter, soaked in different solutions of
the compounds were dried and then placed in petriplates
previously seeded with the test organisms. (e petri dishes
were then incubated at a temperature of 28± 2°C for du-
ration of 24 hrs. DMSO was used as a negative control while
a disc of streptomycin was used as a positive control for
antibacterial activity. (e zone of inhibition thus formed
around each disc encompassing the test compounds was
measured accurately and used as indices of antimicrobial
actions.

(2) Antifungal Activity. (e efficacy of the synthesized
complexes was evaluated against two of the fungal strains
Fusarium oxysporum and Aspergillus niger using the agar
plate technique [19]. In the current technique, potato
dextrose agar media is prepared consuming 20 g starch, 20 g
dextrose, and 20 g agar-agar dissolved in 1000mL of distilled
water.(e compounds were directly mixed with themedium
in 50, 100, and 200 ppm concentrations dissolved in
methanol. (e medium was transferred into the petriplates
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WTonto which spores of fungi were placed with the help of an
inoculum needle. (ese petriplates were wrapped in the
polythene bags containing a few drops of alcohol and were
placed in an incubator at 25± 2°C. (e standard drug
Bavistin was used as a positive control for the antifungal
activity while DMSO was used as a negative control. (e
linear growth of the fungus was obtained by measuring the
diameter of the fungal colony after four days (96 hrs).

(e growth of fungi was analyzed, and the percentage of
inhibition was calculated by the following equation:

% inhibition �
C−T

C
× 100, (1)

where C and T are the diameters of the fungal colony in the
control and the test plates, respectively.

(3) Hepatoprotective Activity. (e hepatoprotective activity
was evaluated by carrying out an experiment with the male
albino rats weighing about 180–200 g distributed into four
groups of 10 rats each. (e group I was treated as control,
while hepatotoxicity was introduced in the rats belonging to
groups II, III, and IV via oral administration of CCl4 of about
0.25mL/100 g body weight. Animals were fed twice in
a week for about 4 weeks. Commencing the fifth day, the
animals of groups II and III were provided with an oral

dose (50mg/100 g bw for 30 days) of the compounds
[Cu(C6H5N2F)2Sn2(Ph)4Cl2] and [Cu(C6H5N2F)2Sn2(CH3)4Cl2],
respectively. All the animals were fed on commercial standard
pellet diet (Hindustan Lever Ltd., Mumbai) with water ad
libitum and were maintained in the animal house at a tem-
perature of 25± 2°C under 12 hr light/dark cycle with a rel-
ative humidity of about 60± 5%.

Further experiment required blood of the animals for
which three rats were scarified every week. (ese blood
samples were collected by direct heart puncture into
a sterilized dried out centrifuge tube while serum was col-
lected for the evaluation of total bilirubin, protein, and
albumin/globulin ratio [20]. It is observed that the toxic
effect of CCl4 causes harm to the liver resulting in its dis-
fuctioning in the experimental animals, and analogous re-
sults are anticipated in the human viral hepatitis model. In
CCl4-induced toxic hepatitis, a toxic reactive metabolite,
trichloromethyl radical was produced by the microsomal
oxidase system that binds covalently to the macromolecules
of the lipid membranes of the endoplasmic reticulum
resulting in peroxidative degradation of lipids. As an out-
come, adipose tissue from the fats gets translocated and
further accumulates down in the liver. In majority of cases,
this toxic chemical is used as a tool to instigate hepato-
toxicity in experimental animals.

CuCl2 +

F

NH2
NH2

MeOH

F

H2N NH2

Cu

NH2H2N

F

Cl2
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NH HNCl
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R

R
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F
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3. Results and Discussion

3.1. Chemistry. �e resulting unimetallic and hetero-
bimetallic complexes are color solids with sharp melting
point. �e synthesized complexes are stable at room
temperature and sparingly soluble in cold organic solvents
like methanol, ethanol, and benzene but completely soluble
in hot solvents. �e molar conductance measurements of
10−3 M solution in DMF indicate that the synthesized
complexes are 1 : 2 electrolytes. �e conductivity mea-
sured for the unimetallic complex have conductance of
232 ohm−1·mol−1·cm2 holding electrolytic character while
heterobimetallic complexes exhibit conductance in the
range of 20–35 ohm−1·mol−1·cm2 suggesting the non-
electrolytic character of these complexes [21]. �e ana-
lytical and physical data of the synthesized complexes have
been precised in Supplementary Table 1.

3.1.1. Infrared Spectra. �e IR spectra of all the newly
synthesized complexes were recorded and summarized in
Supplementary Table 2. However, a comparative study was
made between the spectra of unimetallic and hetero-
bimetallic complexes of Cu(II). �e primary amine exhibits

a band at higher frequency than that of the corresponding
secondary amine. In case of unimetallic complex, a broad
and strong band appears for ](N–H) in the range of
3180–3256 cm−1, which swipes over to a lower frequency
region in case of heterobimetallic complexes approving the
formation of bond between metal and nitrogen, while bands
due to δ(N–H) appear in the region of 1535–1546 cm−1 with
no apparent change after chelation [22]. Bands at 1643, 1528,
and 1453 cm−1 appear due to (C�C) stretching in case of
aromatic ring, while bands due to (C–H) and (C–N)
stretching appear at 3057 and 844 cm−1, respectively. Bands
of medium intensity appearing in the range of 420–585 cm−1
are attributed to (M–N) vibrations [23]. In case of hetero-
bimetallic complexes of copper with titanium and zirco-
nium, the presence of cyclopentadienyl ring is con�rmed by
the IR bands appearing at 3000 for ](C–H), 1433 for ](C–C),
1030 for δ(C–H) in plane, and 812 for δ(C–H) out of plane
vibrations. In addition, bands due to (Ti–C5H5) and (Zr–
C5H5) appear at 445 and 442 cm−1, respectively. A medium
intensity band observed in the far IR region of the metal
complexes (460–470) cm−1 was assigned to (Cu–N). �e far
IR spectra show a distinct band at 317 cm−1 attributed to
(Cu–Cl) band [24], which clearly indicates the presence of

F
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Sn Sn
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Figure 1: Proposed structure for heterobimetallic complex [Cu(C6H5N2F)2Sn2(CH3)4Cl2].

Table 1: Bacterial screening data of the synthesized Cu(II) complexes (percent growth inhibition after 24 hrs at 28± 2°C).

Complex
Escherichia coli Staphylococcus aureus

500 ppm 1000 ppm 500 ppm 1000 ppm
[Cu(C6H7N2F)2]Cl2 6 8 6 7
[Cu(C6H5N2F)2Sn2(Ph)4Cl2] 12 15 10 12
[Cu(C6H5N2F)2Sn2(CH3)4Cl2] 10 11 8 10
[Cu(C6H5N2F)2Si2(Ph)4Cl2] 9 11 8 9
[Cu(C6H5N2F)2Ti2(Cp)4Cl2] 8 10 7 8
[Cu(C6H5N2F)2Zr2(Cp)4Cl2] 8 9 6 7
Streptomycin 17 18 15 17
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chlorine bonded with central metal (i.e., Cu) ion. Hence, the
IR spectra support an octahedral geometry in case of het-
erobimetallic complexes further veri�ed by the ESR spectra.

3.1.2. Electron Spin Resonance Spectra. EPR studies of
synthesized complexes were carried out on the X-band at
9.1 GHz under the magnetic �eld strength 3000G. It is well
known that in the case of tetragonal and square planar
complexes, the unpaired electron lies in the dx2−y2 orbital
giving 2B1g as the ground state with g‖> g┴ [1]. �e data
obtained in case of unimetallic complex shows g‖ � 2.09
and g┴ � 2.05, respectively. �us, for the copper complexes
with g‖> g┴ supports the fact that the ground state of
Cu(II) is 2B1g with the unpaired electron in the dx2−y2

orbital. �e observed g values for the synthesized mono-
metallic copper complex lie in the range reported for square
planar complexes; thus, the EPR spectral studies strongly
support the square planar structure for unimetallic com-
plex. �eir square planar geometry has also been veri�ed
from electronic spectra. However, in case of heterobimetallic

complexes, g┴>g‖ is observed thereby proposing a distorted
octahedral geometry with dz2 as the ground state of the
system [25]. On this basis, it is decided that chloride ions
coordinate with Cu(II) on complexation with organome-
tallic dichlorides in case of heterobimetallic complexes thus
achieving an octahedral environment for copper in these
complexes.

3.1.3. Electronic Spectra. In the electronic spectrum of
unimetallic complex, a strong band is observed at 589 nm,
which is due to d-d transitions, and is a characteristic feature
of the square planar complexes while a strong band at
297 nm and shoulders arise due to the intraligand transitions
[26]. In case of heterobimetallic complexes of copper, two
bands are witnessed at 920 nm and 875 nm, respectively.�is
displacement of d-d bands to lower energies is basically due
to the distortion in the octahedral geometry of copper(II)
complexes.

Table 2: Fungicidal screening data of the synthesized Cu(II) complexes (percent growth inhibition after 96 hrs at 25± 2°C, conc. in ppm).

Complex
Fusarium oxysporum Aspergillus niger

50 ppm 100 ppm 200 ppm 50 ppm 100 ppm 200 ppm
[Cu(C6H7N2F)2]Cl2 32 38 46 28 35 41
[Cu(C6H5N2F)2Sn2(Ph)4Cl2] 52 56 64 46 51 58
[Cu(C6H5N2F)2Sn2(CH3)4Cl2] 43 50 52 40 45 49
[Cu(C6H5N2F)2Si2(Ph)4Cl2] 40 46 49 37 41 45
[Cu(C6H5N2F)2Ti2(Cp)4Cl2] 38 42 44 35 38 40
[Cu(C6H5N2F)2Zr2(Cp)4Cl2] 36 40 43 33 35 37
Bavistin 91 100 100 89 98 100
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Figure 3: Fungicidal activity of the synthesized Cu(II) complexes.
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Figure 2: Bactericidal activity of the synthesized Cu(II) complexes.
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3.1.4. Mass Spectroscopy. (e FAB mass spectra of the
heterobimetallic complex [Cu(C6H5N2F)2Sn2(Ph)4Cl2]
exhibited molecular ion peaks at m/z 928, 890, 813, 736,
617, and 344 assigned to [Cu(C6H5N2F)2Sn2(Ph)4Cl2]+,
[Cu(C6H5N2)2Sn2(Ph)4Cl2]+, [Cu(C6H5N2)2Sn2(Ph)3Cl2]+,
[Cu(C6H5N2)2Sn2(Ph)2Cl2]+, [Cu(C6H5N2)2Sn(Ph)2Cl2]+, and
[Cu(C6H5N2)2Cl2]+. (e two coordinated chlorides are re-
moved with a mass loss of m/z� 71 with peak obtained at
m/z� 273 (Supplementary Figure 1).

3.1.5. X-Ray Powder Diffraction Studies. (e possible ge-
ometry of the finely powdered mononuclear complex
[Cu(C6H7N2F)2]Cl2 has been inferred on the basis of X-ray
powder diffraction studies (Supplementary Figure 2). (e
interplanar spacing values (“d” in Å) of this complex have
been measured from the diffractogram and the Miller in-
dices h, k, and l have been assigned to each d value as re-
ported in Supplementary Table 3. (e results display that
compounds belong to “orthorhombic” crystal system with

the unit cell parameters a� 9.480, b� 13.416, c� 21.193, and
α� β� c � 90°.

From the data obtained using various physicochemical
techniques such as IR, ESR, mass, and X-ray powder dif-
fraction studies, the structure proposed for heterobimetallic
complex is depicted in Figure 1.

3.2. Biological Assay

3.2.1. Antimicrobial Activity. (e data obtained after
evaluating the synthesized complexes against two bacterial
(E. coli and S. aureus) strains and two fungal (F. oxysporum
and A. niger) strains evidently divulges the amplified ac-
tivity of heterobimetallic complexes in comparison to
unimetallic complexes of copper as summarized in Tables 1
and 2. (is can be explained on the basis of Tweedy’s
chelation theory [27] according to which, the polarity of
metal ion reduces due to chelation owing to the partial
sharing of its positive charge with the donor groups and

Table 3: Hepatoprotective activity of heterobimetallic complexes of Cu(II).

Group of animals
Time in weeks

F value C.D at 5%
I II III IV

Total bilirubin
Control 0.85± 0.10 0.86± 0.79 0.73± 0.06 0.86± 0.69 2.74 0.018
[Cu(C6H5N2F)2Sn2(Ph)4Cl2] 1.32± 0.75 1.48± 0.38 1.56± 0.45 1.61± 0.18 15.1 0.071
[Cu(C6H5N2F)2Sn2(CH3)4Cl2] 1.46± 0.50 1.52± 0.08 1.75± 0.10 1.80± 0.08 46.8 0.084
CCl4 1.80± 0.05 2.30± 0.60 2.75± 0.15 3.70± 0.41 55.2 0.315
Total protein
Control 7.24± 0.23 6.87± 0.22 6.90± 0.25 7.08± 0.10 0.451 0.442
[Cu(C6H5N2F)2Sn2(Ph)4Cl2] 6.67± 0.25 6.44± 0.20 6.40± 0.30 6.30± 0.24 3.10 0.348
[Cu(C6H5N2F)2Sn2(CH3)4Cl2] 6.50± 0.16 6.39± 0.27 6.36± 0.25 6.15± 0.22 4.69 0.342
CCl4 5.98± 0.24 5.20± 0.17 4.82± 0.29 4.19± 0.17 39.6 0.350
Albumin
Control 4.68± 0.25 4.50± 0.20 4.50± 0.20 4.78± 0.30 0.45 0.376
[Cu(C6H5N2F)2Sn2(Ph)4Cl2] 4.23± 0.37 3.97± 0.17 3.75± 0.25 3.55± 0.20 4.49 0.366
[Cu(C6H5N2F)2Sn2(CH3)4Cl2] 3.72± 0.24 3.62± 0.40 3.60± 0.25 3.42± 0.17 1.61 0.416
CCl4 3.50± 0.20 2.50± 0.25 1.97± 0.40 1.35± 0.12 414.9 0.405
Globulin
Control 2.40± 0.81 2.35± 0.10 2.34± 0.73 2.30± 0.17 0.18 0.207
[Cu(C6H5N2F)2Sn2(Ph)4Cl2] 2.53± 0.14 2.53± 0.24 2.67± 0.19 2.57± 0.14 1.44 0.150
[Cu(C6H5N2F)2Sn2(CH3)4Cl2] 2.67± 0.19 2.73± 0.18 2.74± 0.31 2.79± 0.12 1.23 0.295
CCl4 2.58± 0.10 2.62± 0.10 2.80± 0.16 2.80± 0.15 5.80 0.183
Aspartate aminotransaminase
Control 0.45± 0.10 7.50± 0.24 7.78± 0.50 9.20± 0.20 12.9 0.598
[Cu(C6H5N2F)2Sn2(Ph)4Cl2] 11.55± 0.40 14.25± 0.35 13.90± 0.55 15.10± 0.35 56.10 0.580
[Cu(C6H5N2F)2Sn2(CH3)4Cl2] 13.0± 0.40 14.15± 0.24 14.32± 0.25 16.40± 0.65 52.61 0.602
CCl4 16.80± 0.40 22.20± 0.80 25.76± 0.70 32.20± 1.0 245.7 1.160
Alanine aminotransaminase
Control 9.65± 0.65 9.85± 0.51 8.65± 0.20 8.40± 0.65 7.90 6.729
[Cu(C6H5N2F)2Sn2(Ph)4Cl2] 14.32± 0.27 14.82± 0.63 14.82± 0.79 15.93± 0.45 8.95 0.896
[Cu(C6H5N2F)2Sn2(CH3)4Cl2] 12.73± 0.62 13.24± 0.66 14.04± 0.52 14.42± 0.27 5.18 0.990
CCl4 16.10± 0.30 20.90± 0.24 26.00± 0.43 33.40± 1.5 265.0 1.376
Alkaline phosphatase
Control 9.67± 0.50 9.85± 0.50 8.65± 0.20 8.45± 0.64 7.75 0.728
[Cu(C6H5N2F)2Sn2(Ph)4Cl2] 12.85± 0.50 14.83± 0.52 14.06± 0.52 14.48± 0.30 5.18 0.985
[Cu(C6H5N2F)2Sn2(CH3)4Cl2] 13.40± 0.60 14.77± 0.43 14.87± 0.43 15.61± 0.42 8.95 0.886
CCl4 16.10± 0.34 20.24± 0.24 25.00± 0.44 33.60± 1.46 263.5 1.278
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Figure 4: Continued.
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WTpossible π-electron-delocalization over the whole chelation
ring, which intensi�es the lipophilic character of the metal
complex, consecutively approving its penetration through
the lipid layers of the organism cell membrane, resulting in
reduction of the normal cell process along with de-
activation of numerous cellular enzymes that play dicta-
torial roles in the various metabolic pathways of these
microorganisms. Hence, it is clear that amid all the syn-
thesized complexes, unimetallic complexes of Cu(II) are
lesser active, that is, having less signi�cant antimicrobial
e¡cacy as compared to heterobimetallic complexes where
the synergistic e¢ect of two metals displays remarkable
biological activity.

In the present series, heterobimetallic complex
[Cu(C6H5N2F)2Sn2(Ph)4Cl2] exhibits the unsurpassed
antifungal and antibacterial activity thus presenting enriched
antimicrobial e¡cacy as equated to the unimetallic complex
of Cu(II) (Figures 2 and 3).

3.2.2. Appraisal of Hepatoprotective Activity. �ere are
number of biochemical parameters used for the evaluation
of hepatoprotective activity in carbon tetrachloride-induced
toxicity which comprises bilirubin, protein, albumin, glob-
ulin, aspartate aminotransaminase, alkaline phosphatase, and
alanine aminotransaminase (Table 3). �e prominent in-
ferences drawn from the experiment are as follows:

(1) �e present study revealed a substantial escalation in
the levels of bilirubin, globulin, aspartate amino-
transaminase, alanine aminotransaminase, and al-
kaline phosphatase in the blood samples of the group
bearing animals treated with CCl4. �e rise in the
levels of these biochemical parameters is a clear

indication of cellular leakage with a loss of functional
integrity of the cell membrane.

(2) �e intensity of jaundice is con�rmed from the
total amount of bilirubin present with a normal range
of 0.2 to 1mg/100mL of serum. However, it is ob-
served that hyperbilirubinemia occurs more in case of
hepatitis patients with the excretion of bilirubin
present in the liver into the canaliculi and then re-
gurgitated into the blood stream.�e group of animals
treated with compounds [Cu(C6H5N2F)2Sn2(Ph)4Cl2]
and [Cu(C6H5N2F)2Sn2(CH3)4Cl2] exhibits reduced
levels of total bilirubin in the blood samples.

(3) A number of serum proteins are being synthesized by
the liver which plays an imperative role in the diagnosis
of jaundice. Further, there is a correlation between
the degree of serum hypoalbuminemia and hyper-
globulinemia [28]. Normally, the ratio of albumin and
globulin lies in the range of 2 :1. However, in case of
CCl4-treated animals, there is a signi�cant reduction
in the levels of total protein and albumin with the
increase in globulin level. Even with the toxic e¢ect of
CCl4, the complexes [Cu(C6H5N2F)2Sn2(Ph)4Cl2] and
[Cu(C6H5N2F)2Sn2(CH3)4Cl2] were highly pro�cient
in refurbishing the reduced and increased levels of
serum total protein and globulin, respectively.

�e percentage of serum protein level restored was
found to be more in case of heterobimetallic complex
[Cu(C6H5N2F)2Sn2(Ph)4Cl2].

(4) �e normal values of aspartate aminotransaminase
(ALT), alanine aminotransaminase (AST), and
alkaline phosphatase (ALP) ranges from 5 to 20, 5
to 15, and 7 to 9 IU/mg of protein, respectively.

0

50

100

150

200

250

300

I II III IV F value

Control
[Cu(C6H5N2F)2Sn2(Ph)4Cl2]
[Cu(C6H5N2F)2Sn2(CH3)4Cl2]
CCl4

Alkaline phosphatase

(g)

Figure 4: Graphical representation of various biochemical parameters: (a) total bilirubin, (b) total protein, (c) albumin, (d) globulin,
(e) aspartate aminotransaminase, (f) alanine aminotransaminase, and (g) alkaline phosphatase as compared to the control.
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(ese enzymes present in the serum are supportive
in the diagnosis of hepatitis disease while an up-
surge in the concentration of these enzymes is
detected with the damage in the liver tissue, which
is ostensibly due to the release of these enzymes
from the damaged cells. In acute hepatic necrosis,
the level of AST and ALT are estimated to rise by 2
to 20 folds over that of controls while on the other
hand, in case of obstructive and posthepatic
jaundice, escalation of ALP was more. In the
current research, the group of animals treated with
CCl4 exhibits remarkable increase in the activities
of these enzymes parallelly from 1st to 4th week
of treatment. While complexes [Cu(C6H5N2F)2Sn2
(Ph)4Cl2] and [Cu(C6H5N2F)2Sn2(CH3)4Cl2] pro-
hibited the increase in the levels of these enzymes,
presenting the pattern of recovery from the toxic effect
(Figure 4).

4. Conclusion

(e present study unveiled the biological potency of het-
erobimetallic complexes of copper synthesized using group
4 and 14 organometallic dichlorides. All these synthesized
unimetallic and heterobimetallic complexes have been
structurally characterized using varied techniques such as
IR, ESR, electronic spectra, mass spectra, and X-ray dif-
fraction studies. (e spectroscopic data revealed square
planar and distorted octahedral geometry for mononuclear
and heterobimetallic complexes, respectively. (ese het-
erobimetallic complexes possess high biological activity
emerging from the synergistic effect arising due to the two
different metal centers seized together in close proximity.
(e antimicrobial-screening data of these complexes in-
dicate that heterobimetallic complexes are more active
against these microbes as compared to the unimetallic
complexes with heterobimetallic complex of copper with
tin proving out to be the best. (e heterobimetallic com-
plexes with tin were also evaluated for the hepatoprotective
activity in the male albino rats taking into account different
biochemical parameters.
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A Cu(II) complex [Cu(bipy)(H2O)2(SO4)]n (bipy� 2,2′-bipyridine) was synthesized by hydrothermal method and characterized
structurally by elemental analyses, single crystal X-ray diffraction, infrared spectra, and thermogravimetry and differential
scanning calorimetry. -e Cu(II) was hexacoordinated by two N atoms from bipy, two O atoms from different sulfate radical
anions, and two O atoms from two water molecules, forming a slightly distorted octahedral geometry, and bridged by sulfato
groups into polymeric chains. Under the condition of physiological pH, the interaction mechanism between the complex and
hsDNA was explored with acridine orange as a fluorescence probe by spectroscopic methods. -e binding modes between the
complex and hsDNA were the electrostatic and embedded modes.

1. Introduction

Design and synthesis of organometallic complexes have
become an active research area because of their novel to-
pologies, fascinating functionalities, special properties, and
potential applications, such as biomedical utilization, mul-
tifunctional materials, molecular adsorption, gas storage,
catalysis, magnetism, and so on [1–6]. Chemists have syn-
thesized many organic-inorganic hybrid materials with ni-
trogen heterocyclic compounds as organic building blocks
[7–10]. Trace element copper plays an important role in
endogenous oxidative DNA damage associated with aging
and cancer [11, 12]. Cu(II) complexes have many bio-
activities such as antitumor [13, 14], antimicrobial [15–17],
and oxidation of ascorbic acid in the presence of oxygen [18].
In addition, Cu(II) complexes can bind to DNA through
noncovalent and covalent interactions [19]. Many re-
searchers found that Cu(II) complexes had potential in the
treatment of cancers and other diseases [20]. 2,2′-Bipyridine
is a potential antitumor agent and often acts as ancillary
ligand to strengthen the binding ability of a complex through
enhancing the molecule planarity [21]. -e complexes of

2,2′-bipyridine and its derivatives have been reported by
a number of authors [22, 23]. -e method of hydrothermal
synthesis has been used to produce various solids, such as
oxide ceramics, microporous crystals, metal complexes,
nanomaterials, and so forth [24–29]. In particular, the
molecular structures obtained by this method are un-
expected compared with those obtained by the common
solution method [30].

-e modes of noncovalent interaction for metal com-
plexes with DNA include intercalation, electrostatic effect,
groove binding, and so on, and the effectiveness mainly
depends on the binding modes and affinities between
complexes and DNA [31–34]. -ere is continuing interest in
some metal complexes that interact with DNA [35]. Fur-
thermore, the studies of interaction of metal coordination
polymers with DNA have been of great interest [36, 37].
However, examples of such metal coordination polymers are
still few. -erefore, it is of great significance to explore the
binding modes of DNA with metal coordination polymers
containing rigid ligands.

We herein report the X-ray single crystal structure, Fourier
transform infrared spectra (FTIR), and thermogravimetry and
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differential scanning calorimetry (TG-DSC) of the Cu(II)
complex containing 2,2′-bipyridine, which is synthesized by
hydrothermal method, and explore its bioactivities with
herring sperm DNA (hsDNA) using acridine orange (AO) as
a fluorescence probe by spectral methods.

2. Materials and Methods

2.1. Materials. All chemicals were of analytical reagents and
used as received without further purification. 2,2′-Bipyridine
and AO were purchased from Alfa Aesar, and copper sulfate
pentahydrate and other reagents were purchased from
Merck. -e hsDNA was purchased from Sigma Biological
Co., its purity was monitored by the ratio of absorbance at
260–280 nm, and the ratio of 1.8–1.9 indicated that the
hsDNA was free from protein. -e hsDNA was dissolved in
double-distilled water with 50mmol·L−1 sodium chloride
and dialyzed at 4°C for 48 h [38]. -e hsDNA concentration
was measured by UV-Vis at 260 nm. Tris-HCl buffer solu-
tion (pH 7.40) was prepared by using triple-distilled water.

2.2. PhysicalMeasurements. -e C, H, and N in the complex
were analyzed with a Vario EL CUBE elemental analyzer,
and the copper was determined by EDTA titration. FTIR
spectra were obtained with KBr pellets on a Perkin-Elmer
Spectrum One-Spectrometer in the range 4000–400 cm−1.
-e thermal analysis was performed by a SDT Q600 ther-
mogravimetric analyzer from 30 to 800°C at a heating rate
of 10°C·min−1 under air flow of 100mL·min−1. UV-Vis
spectra in Tris-HCl buffer solution (pH 7.40) were mea-
sured with a Unico spectrophotometer (UV-2102) in the
range 200–600 nm. Fluorescence spectra were recorded
on a PE LS-55 spectrofluorophotometer. Viscosities were
measured with an Ubbelohde capillary viscometer having
diameters of 0.40–0.50 nm and 0.50–0.60 nm, respectively.
-e viscometers were selected on the basis of the flow time of
the complex, and the flow time was at least 120 s.

2.3. Synthesis of theTitleComplex. 2,2′-Bipyridine (0.2mmol,
31.7mg) and NaOH (0.2mmol, 8.0mg) were dissolved in
a minimum amount of distilled water. Copper sulfate
(0.2mmol, 51.3mg) was added to the above solution, and
the volume of the mixed solution was increased to 18mL
with distilled water. -e mixture was transferred to a 30mL
Teflon-lined stainless steel reactor and heated to 140°C for
72 h, and then, it was cooled at a rate of 10°C·h−1 to room
temperature. Blue stick single crystals suitable for X-ray
diffraction analysis were obtained. -e crystals were washed
by a small amount of distilled water and anhydrous etha-
nol and dried naturally (yield 84%). Anal. Calc. (%) for
CuC10H12N2O6S: C, 34.14; H, 3.44; N, 7.96; Cu, 18.06.
Found (%): C, 34.12; H, 3.30; N, 7.77; Cu 18.14.

2.4. X-Ray Crystallography. A blue crystal with dimensions
0.374mm× 0.199mm× 0.117mm was installed on a Bruker
Apex II CCD diffractometer with graphite monochromated
Mo Kα radiation (λ� 0.71073 Å). Diffraction data were

collected at 296(2) K in the θ range 3.273–27.639°. -e
programs of the SHELXL-97 and SHELXTL-97 were used
for the structure determination and refinement [39, 40]. -e
structure was solved by direct methods, and all nonhydrogen
atoms were obtained from the difference Fourier map and
subjected to anisotropic refinement by full-matrix least
squares on F2. Crystallographic data have been deposited
with the Cambridge Crystallographic Data Centre, CCDC,
UK. Copies of the data can be obtained free of charge on
quoting the depository CCDC-1028718 for the title complex
(deposit@ccdc.cam.ac.uk, http://www.ccdc.cam.ac.uk).

2.5. Procedures of Biological Activity. -e experimental
methods of biological activity were mainly referred to
[38, 41].-e specimens for absorption and fluorescence were
obtained through diluting the stock solutions of the title
complex (abbreviated as Cu-bipy) and hsDNA with Tris-
HCl buffer solution to the required concentrations. Under
the condition of the fixed Cu-bipy concentration and
changing only the hsDNA concentration, the spectra of UV-
Vis and fluorescence were tested with the quartz cuvettes of
1 cm. -e excitation wavelength of the fluorescence mea-
surement was 411.7 nm.

-e samples of viscosity measurement were filled into
the cleaned and dried viscometers. A thermostat was used to
keep the temperature constant with the deviations within
±0.01°C. Double-distilled water was used in the calibration
experiments, and the viscosity of pure water was derived
from Lange’s Handbook of Chemistry [42]. -e time was
recorded on a digital stopwatch with the deviations within
±0.01 s, and the average deviation of the three experimental
results was within ±0.2 s. -e hsDNA of 1.0×10−5mol·L−1
was mixed with different concentrations of Cu-bipy. -e
flow time was recorded at 20± 0.1°C after the reaction
mixture was placed in the darkness for 0.5 h. -e rela-
tive viscosities of hsDNA were measured with molar ratio
(r� c(Cu-bipy)/c(hsDNA)) from 0.0 to 4.0 at atmospheric
pressure and 15°C ambient temperature.

3. Results and Discussion

3.1. Crystal Structure Analysis. -e molecular structure di-
agram of the complex is shown in Figure 1. -e crystallo-
graphic data and structure refinement parameters are given
in Table 1, and the selected bond distances and angles are
shown in Table 2.

-e unit of the complex is composed of one Cu(II), one
2,2′-bipyridine, two water molecules, and one sulfate rad-
ical anion. -e Cu(II) is hexacoordinated by two O atoms
from the coordinated water molecules and two pyridyl N
atoms from bipy which are located at equatorial sites
and two O atoms from different bidentate bridging sulfato
groups which are located at axial positions. -e coordina-
tion configuration is a slightly distorted octahedron, and the
Cu(II) is bridged by sulfato groups into polymeric chains.
-e distances of Cu–O with the aqua ligands and the sulfato
group are 1.9728 and 2.455 Å, respectively, and the distances
of Cu–N are 1.9947 Å. Because of Jahn–Teller effect of Cu(II)
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with d9 electron con�guration, the axial distances of Cu
(1)–O(2) and Cu(1)–O(2)#1 are stretched. As shown in
Figure 2, the generated chains extend along (001) plane
direction, and the crossing of the chelate bipy forms the
polymeric chains formulated as [Cu(bipy)(H2O)2(SO4)]n. In
Figure 3, the molecular structure shows the existence of
face-to-face π–π stacking weak interaction. �e interplanar
distances of 3.495–3.627 Å between two adjacent mirror
planes of bipy are normal for weak π–π interaction. �e
hydrogen bond lengths and bond angles are given in Table 3,
and the molecules of the complex are linked together by
intermolecular hydrogen bonds. It is obvious that the

formation of the interchain hydrogen bonds is related to the
layers parallel to the (100) plane. A weak hydrogen bond
with d(C· · ·O)� 3.282 Å is formed between the outer C–H
bonds of one chain and the coordinated sulfato O atoms of
the adjacent chain, and the chains are stabilized by in-
terchain π–π interaction and interchain C–H· · ·O hydrogen
bonds [23]. Each water molecule in the complex nearly
forms a linear intrachain and interchain hydrogen bonds
with the uncoordinated sulfato O atoms.

Table 2: Selected bond lengths (Å) and angles (°) for the title
complex.
Cu(1)–O(1) 1.9728(11)
Cu(1)–O(1)#1 1.9728(11)
Cu(1)–N(1) 1.9947(12)
Cu(1)–N(1)#1 1.9948(13)
Cu(1)–O(2) 2.455
Cu(1)–O(2)#1 2.455
O(1)#1–Cu(1)–O(1) 93.07(7)
O(1)#1–Cu(1)–N(1) 93.11(5)
O(1)–Cu(1)–N(1) 172.31(5)
O(1)#1–Cu(1)–N(1)#1 172.31(5)
O(1)–Cu(1)–N(1)#1 93.11(5)
N(1)–Cu(1)–N(1)#1 81.12(7)
O(2)–Cu(1)–O(1) 85.52
O(2)–Cu(1)–O(1)#1 92.25
O(2)–Cu(1)–N(1) 89.66
O(2)–Cu(1)–N(1)#1 92.79
O(2)–Cu(1)–O(2)#1 176.77
O(2)#1–Cu(1)–O(1) 92.25
O(2)#1–Cu(1)–N(1) 92.97
O(2)#1–Cu(1)–N(1)#1 89.66
O(2)#1–Cu(1)–O(1)#1 85.52
Symmetry transformations used to generate equivalent atoms: #1−x+ 2, y,
−z+ 1/2; #2−x+ 2, y, −z+ 3/2.

Figure 2: Crystal packing diagram of the title complex.

Table 1: Crystal data and structure re�nement parameters for the
title complex.
Empirical formula CuC10H12O6N2S
Formula weight (g·mol−1) 351.82
Temperature (K) 296(2)
Wavelength (Å) 0.71073
Crystal system Monoclinic
Space group C2/c
a (Å) 15.1279(7)
b (Å) 12.4488(6)
c (Å) 6.9987(3)
β (°) 105.9576(13)
V (Å3) 1267.23(10)
Z 4
Calculated density (g·cm−3) 1.844
Absorption coe¡cient (mm−1) 1.916
F(000) 716
Crystal size (mm3) 0.374× 0.199× 0.117
θ range for data collection (°) 3.273–27.639

Index ranges −19≤ h≤ 19, −16≤ k≤ 16,
−9≤ l≤ 8

Re£ections collected/unique 9535
Data/restraints/parameters 1473/3/97
Goodness of �t on F2 0.974
Final R indices (I> 2σ (I)) R1 � 0.0226, wR2 � 0.0579
R indices (all data) R1 � 0.0238, wR2 � 0.0589
Largest di§erential
peak and hole (e·Å−3) 0.356 and −0.442
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Figure 1: Molecular structure of the title complex.
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3.2.FTIRSpectroscopy. �eFTIR spectrum of the complex is
shown in Figure 4. Few number of the absorption bands in
the FTIR spectrum means that the symmetry of the complex
is very good. A wide intense absorption band around
3428 cm−1 is due to stretching vibration of hydroxyl [43, 44].
�is indicates that there are the coordinated water or lattice
water molecules in the complex. �e band corresponding to
the stretching vibration of the cumulative double bond
(C�C–C�C) of pyridine ring is situated at 2328 cm−1. �e
absorption peaks at 1651 and 1444 cm−1 are assigned to
the stretching vibrations of the C�N and C�C bonds,
respectively [45].

As a free anion, sulfate has tetrahedral symmetry,
whereas, if sulfate forms a bidentate binuclear (bridging)
complex, the symmetry is lowered and the band splits into
two bands [46]. As shown in Figure 4, the FTIR spectrum of
the complex makes out peaks at 1169 and 1082 cm−1. �e
absorption peaks around 928 and 775 cm−1 are assigned to
the rocking and wagging vibrations of the hydroxyl, which
indicate the existence of the coordinated water molecules in
the complex [47]. As a result of the formation of the Cu–N

bond, the corresponding C–N bond becomes so weak that
disappeared in the FTIR spectrum [48]. �e absorption
peaks at 553 and 466 cm−1 are assigned to the Cu–N bond
and Cu–O bond, respectively [49], which agrees with the
X-ray crystal structure of the complex.

3.3. �ermal Analysis. �e TG-DSC curves of the title
complex are shown in Figure 5, and there are one endo-
thermic peak and two exothermic peaks in the DSC curve.
�e endothermic peak at 169°C is accompanied by obvious
mass loss, and the sample loses two H2O molecules. �e
experimental mass loss (10.31%) is close to the calculated one
(10.24%). Due to the high temperature of water loss, the
molecules should be the coordinated water. After the water
molecules are lost, the complex becomes [Cu(C10H8N2)
(SO4)]. �e sequential exothermic peaks at 393 and 423°C in

3.495 Å

c

b

a

0

3.627 Å

3.568 Å

Figure 3: Weak π–π stacking interactions of the title complex.

Table 3: Hydrogen bond lengths (Å) and bond angles (°) for the
title complex.

D–H· · ·A d(D–H) d(H· · ·A) d(D· · ·A) ∠DHA
O(1)–H(1W)· · ·O(3)#3 0.852(9) 1.843(11) 2.6763(16) 165.4(19)
O(1)–H(1W)· · ·S(1)#3 0.852(9) 2.926(16) 3.6599(12) 145.4(18)
C(5)–H(5)· · ·O(1)#1 0.93 2.50 3.026(2) 115.9
C(2)–H(2)· · ·O(2)#4 0.93 2.43 3.282(2) 152.1
O(1)–H(1)· · ·O(3)#1 0.82 1.81 2.6198(16) 169.5
O(1)–H(1)· · ·S(1)#5 0.82 2.74 3.4143(11) 140.8
Symmetry transformations used to generate equivalent atoms: #1−x+ 2, y,
−z+ 1/2; #2−x+ 2, y, −z+ 3/2; #3−x+ 2, −y+ 1, −z+ 1; #4−x+ 2, −y+ 2, −z+ 1;
#5x, y, z−1.
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Figure 4: FTIR spectrum of the title complex.
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WTthe DSC curve correspond to the oxidation and de-
composition of bipy, the decomposition product of this step
is CuSO4, and the mass loss of 43.89% is in agreement with
the calculated result of 44.39%. �e mass loss remains
constant until ca. 800°C, the �nal remnant mass is 31.86%,
and the residue is Cu2SO4 (calculated as 31.72%).

3.4. Biological Activity

3.4.1. Binding Ratio. As shown in Figure 6, the UV-Vis
spectra were obtained by determination of the Cu-bipy
solution with an independent variable of hsDNA concen-
tration. �e wavelength which is obtained from Figure 6 and
used in the mole ratio method is 214 nm, and the binding
ratio [n(Cu-bipy) : n(hsDNA)� 3 :1] is shown in Figure 7.

3.4.2. Double Reciprocal Method. �e double reciprocal
equation [50] is listed as follows to express the relationship
between Cu-bipy and hsDNA:

A−A0( )
−1

� A
−1
0 + K

⊝
· A0 · c(hsDNA)[ ]

−1
. (1)

In (1), c(hsDNA) is the hsDNA concentration, A and
A0 are the absorbance of Cu-bipy in the presence and lack
of hsDNA, respectively, and K⊝ is the binding con-
stant of hsDNA-Cu-bipy. In Figure 8, 1/c(hsDNA) is used
as an abscissa and 1/(A−A0) is used as an ordinate.
�e binding constants are, respectively, calculated: K⊝
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Figure 5: TG-DSC curves of the title complex.
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Figure 6: In£uence of hsDNA on the UV-Vis spectra of Cu-bipy
(pH 7.40). From curves 0–15, c(Cu-bipy)� 4.0×10−6mol·L−1;
c(hsDNA)� 0.00, 0.17, 0.33, 0.50, 0.67, 0.83, 1.00, 1.17, 1.33, 1.50,
1.67, 1.83, 2.00, 2.17, 2.33, and 2.50×10−6mol·L−1, respectively.
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Figure 7: Mole ratio plots of Cu-bipy with hsDNA (pH� 7.40,
λ� 214 nm), c(Cu-bipy)� 4.0×10−6mol·L−1.
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Figure 8: Double reciprocal plots of hsDNA-Cu-bipy at
295.15 K and 313.15K (pH 7.40). c(Cu-bipy)� 4.0×10−6mol·L−1;
c(hsDNA)� 0.00, 0.60, 1.20, 1.80, 2.40, 3.00, 3.60, 4.20, 4.80, 5.40,
6.00, 6.60, 7.20, 7.80, and 8.40×10−6mol·L−1, respectively.

Table 4: �ermodynamic parameters at two di§erent temperatures.

T (K) K⊝

(L·mol−1)
ΔrG⊝m

(J·mol−1)
ΔrS⊝m

(J·mol−1·K−1)
ΔrH⊝m

(J·mol−1)
295.15 1.97×105 −3.53×104 115.26 −1280
313.15 1.55×104 −2.96×104 90.44 −1280
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(295.15 K) � 1.97 ×105 L·mol−1 and K⊝ (313.15 K) � 1.55 ×

104 L·mol−1. As is known to all, there are some ways in
which macromolecule bind to small molecule, including
hydrogen bond, van der Waals force, hydrophobic force,
electrostatic interaction, and so on. According to the
following equations, we can calculate a series of ther-
modynamic parameters (ΔrH⊝m, ΔrS⊝m, and ΔrG⊝m) to
con�rm the interaction forces.

ln
K⊝2
K⊝1

�
ΔrH⊝m 1/T1( )− 1/T2( )( )

R
,

ΔrG⊝m � −RT ln K⊝,

ΔrG⊝m � ΔrH⊝m −TΔrS⊝m,

(2)

where T1 is 295.15K, T2 is 313.15K, and ΔrH⊝m and ΔrG⊝m are
the standard molar reaction enthalpy and the standard
molar reaction Gibbs free energy, respectively. �e calcu-
lated results in Table 4 indicate that the interaction between
Cu-bipy and hsDNA is driven by entropy [51]. �e values of
ΔrH⊝m and ΔrG⊝m indicate that this is an exothermic reaction,
and there is a spontaneous interaction between Cu-bipy and
hsDNA.

3.4.3. Competitive Binding Experiments. AO as a £uores-
cence probe was widely used to study the binding way
between small molecule and DNA [38], and it can embed
between two adjacent base pairs of DNA helix and enhance
the £uorescence intensity. As the concentration of AO (Cu-
bipy) increases, the £uorescence intensity of Cu-bipy-
hsDNA (hsDNA-AO) reduces gradually at the maximum
wavelength of 528 (531) nm in Figures 9 and 10. �e ex-
perimental result indicates that the reaction competition
between Cu-bipy and AO with hsDNA is conspicuous, and
the bonding mode between Cu-bipy and hsDNA mainly
includes insertion binding.

3.4.4. Scatchard Method. �e Scatchard equation (3) can be
used to study the binding mode between hsDNA and AO
with Cu-bipy, whose concentration is gradually changing.

r

c
� K(n− r), (3)

where r is the mole number of AO bound per mole of DNA,
c is the AO concentration, K is the binding constant, and n is
the maximum value of a binding site with AO. Generally, if
the n value in the absence of Cu-bipy is the same with the
presence of Cu-bipy, the binding mode is an insertion mode.
If the K value in the absence of Cu-bipy is the same with the
presence of Cu-bipy, there is noninsertion in the binding
mode. If theK value is di§erent from the n value, the binding
mode between Cu-bipy and hsDNA is a mixed mode of
noninsertion and insertion binding. �e Scatchard plots in
the absence and the presence of sodium chloride are shown
in Figures 11 and 12, and the data of n and K are listed in
Table 5. It can be seen from Table 5 that both values of n and
K vary with the concentrations of Cu-bipy. �e results show
the presence of the mixed interaction. �e n values in the
presence of sodium chloride are lower than that of no so-
dium chloride, and this indicates that there is an electrostatic
interaction between Cu-bipy and hsDNA.

3.4.5. In�uence of Phosphate Group. �e above conclusion is
further demonstrated by the phosphate experiment. If Cu-
bipy binds to phosphate radical, then there is an electrostatic
interaction between Cu-bipy and hsDNA by changing the
Na2HPO4 concentration while keeping the Cu-bipy con-
centration �xed. As shown in Figure 13, when the amounts
of Na2HPO4 are increased, UV-Vis spectra of Cu-bipy are
slightly changed. �e result hints that the electrostatic in-
teraction exists between Cu-bipy and hsDNA.
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Figure 9: Emission spectra of hsDNA-Cu-bipy mixture in di§erent
concentrations of AO (pH� 7.40, λex � 411.7 nm). From curves
0–15, c(hsDNA-Cu-bipy)� 1.0×10−5mol·L−1; c(Cu-bipy)� 0.00,
0.33, 0.67, 1.00, 1.33, 1.67, 2.00, 2.33, 2.67, 3.00, 3.33, 3.67, 4.00,
4.33, 4.67, and 5.00×10−6mol·L−1, respectively.
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Figure 10: Emission spectra of hsDNA-AO mixture in di§erent
concentrations of Cu-bipy (pH� 7.40, λex � 411.7 nm). From curves
0–15, c(hsDNA-AO)� 1.0×10−5mol·L−1; c(Cu-bipy)� 0.00, 0.33,
0.67, 1.00, 1.33, 1.67, 2.00, 2.33, 2.67, 3.00, 3.33, 3.67, 4.00, 4.33,
4.67, and 5.00×10−6mol·L−1, respectively.
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3.4.6. Viscosity Measurements. �e viscosity measurements
of complexes at di§erent concentrations can obtain useful
data for identifying binding mode [41, 52]. If a micro-
molecule is inserted in the interspace of base pairs, the DNA
helix will be extended because the separated base pairs can
accommodate the bound ligand. Conversely, the viscosity
will not increase if the binding with DNA is in other ways;
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Figure 11: Scatchard plots of the interaction between Cu-bipy
and hsDNA-AO (pH� 7.40, without NaCl). c(hsDNA)�

1.0×10−5mol·L−1; Rt� c(Cu-bipy)/c(hsDNA); Rt� a, 0.00; b, 0.40;
c, 0.80; d, 1.20.

Table 5: Data from the Scatchard equation of the interaction between Cu-bipy and hsDNA.

Curve c(Cu-bipy)/c(hsDNA) NaCl (mol·L−1) Scatchard K (L·mol−1) n

a 0.00 0 1173.6–2.44×105r 2.44×105 4.81× 10−3

0.50 813.4–2.09×105r 2.09×105 3.89×10−3

b 0.40 0 1176.5–1.81× 105r 1.81× 105 6.50×10−3

0.50 1241.5–2.20×105r 2.20×105 5.64×10−3

c 0.80 0 1441.2–2.25×105r 2.25×105 6.41× 10−3

0.50 1318.6–2.21× 105r 2.21× 105 5.97×10−3

d 1.20 0 1641.4–2.27×105r 2.27×105 7.23×10−3

0.50 1113.9–2.56×105r 2.56×105 4.35×10−3
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Figure 13: In£uence of phosphate on the UV-Vis spectra of Cu-
bipy (pH 7.40). c(Cu-bipy)� 1.0×10−5mol·L−1; c(Na2HPO4)�

0.00, 0.33, 0.67, 1.00, 1.33, 1.67, 2.00, 2.33, 2.67, 3.00, 3.33, 3.67,
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the groove binding does not obviously change viscosity,
whereas a partial intercalation of the complex causes a bend
in the DNA helix, reducing its viscosity [53, 54]. -e vis-
cosity was determined by the fixed hsDNA concentration
and changing the Cu-bipy concentration in the experiment.
In Figure 14, the relative viscosity of hsDNA reveals
a consistent decrease during the addition of Cu-bipy, which
may be due to partial inserting of the complex. According to
the result of viscosity measurement, the interaction between
Cu-bipy and hsDNA is in insertion mode.

4. Conclusions

-e complex [Cu(bipy)(H2O)2(SO4)]n was synthesized by
hydrothermal method and characterized by EA, single
crystal X-ray diffraction, FTIR, and TG-DSC. -e complex
crystallizes in the monoclinic system with C2/c space group.
-e Cu(II) was hexacoordinated by two N atoms and four O
atoms, forming a slightly distorted octahedron, and bridged
by sulfato groups into polymeric chains. Under the physi-
ological pH, the interaction between the complex and
hsDNA was studied with AO as a fluorescent probe by
spectral method. -e interaction mechanism of the complex
with hsDNA is electrostatic and intercalative binding. -e
calculated thermodynamic parameters indicate that the
interaction of the complex and hsDNA is driven by entropy.
-e influence of phosphate radical and Scatchard method
reveals that the complex is combined with hsDNA in the
electrostatic and intromittent modes.
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Dihydropyrimidinase, a dimetalloenzyme containing a carboxylated lysine within the active site, is a member of the cyclic
amidohydrolase family, which also includes allantoinase, dihydroorotase, hydantoinase, and imidase. Unlike all known dihy-
dropyrimidinases, which are tetrameric, pseudomonal dihydropyrimidinase forms a dimer at neutral pH. In this paper, we report
the crystal structure of P. aeruginosa dihydropyrimidinase at pH 5.9 (PDB entry 5YKD). ,e crystals of P. aeruginosa dihy-
dropyrimidinase belonged to space group C2221 with cell dimensions of a� 108.9, b� 155.7, and c� 235.6 Å. ,e structure of
P. aeruginosa dihydropyrimidinase was solved at 2.17 Å resolution. An asymmetric unit of the crystal contained four crystal-
lographically independent P. aeruginosa dihydropyrimidinase monomers. Gel filtration chromatographic analysis of purified
P. aeruginosa dihydropyrimidinase revealed a mixture of dimers and tetramers at pH 5.9. ,us, P. aeruginosa dihydropyr-
imidinase can form a stable tetramer both in the crystalline state and in the solution. Based on sequence analysis and structural
comparison of the dimer-dimer interface between P. aeruginosa dihydropyrimidinase and )ermus sp. dihydropyrimidinase,
different oligomerization mechanisms are proposed.

1. Introduction

Dihydropyrimidinase is a key enzyme for pyrimidine catab-
olism [1, 2]. Dihydropyrimidinase catalyzes the reversible
cyclization of dihydrouracil to N-carbamoyl-β-alanine in the
second step of the pyrimidine degradation pathway (Figure 1).
Dihydropyrimidinase can also detoxify xenobiotics with an
imide functional group, ranging from linear imides to het-
erocyclic imides [3–9]. Homologous enzymes from micro-
organisms are known as hydantoinase, used as biocatalyst for
hydrolysis of 5-monosubstituted hydantoins in the synthesis of
D- and L-amino acids [10, 11]. Optically pure amino acids have
been widely used as intermediates for semisynthesis of anti-
biotics, active peptides, hormones, antifungal agents, pesti-
cides, and sweeteners. Dihydropyrimidinase and hydantoinase
generally possess a similar active site, but their overall se-
quence identity and substrate specificity may differ [3, 12]. For
example, hydantoinase purified from Agrobacterium species
has no 5,6-dihydropyrimidine amidohydrolase activity [13].
Dihydropyrimidinases from the yeast Saccharomyces kluyveri

and the slimemoldDictyostelium discoideum do not hydrolyze
hydantoin [14]. ,us, several bacterial hydantoinases are
still named and identified as dihydropyrimidinase because
of their catalytic activity toward natural substrates, namely,
dihydrouracil and dihydrothymine. ,ese bacterial en-
zymes include Pseudomonas aeruginosa and )ermus sp.
dihydropyrimidinases [15, 16].

Dihydropyrimidinase, hydantoinase, imidase, allantoi-
nase, and dihydroorotase belong to the cyclic amidohy-
drolase family because of their functional and structural
similarities [17]. Members of this enzyme family catalyze the
ring-opening hydrolysis of the cyclic amide bond of each
substrate in either five- or six-membered rings. Even if these
enzymes have similar functions, they have relatively low
amino acid sequence identity. In addition, the substrate
selectivity and specificity of these enzymes highly differ
[18, 19]. Most of the active sites of dihydropyrimidinases,
hydantoinases, allantoinases, and dihydroorotases contain
four histidines, one aspartate, and one carboxylated lysine
residue, which are required for metal binding and catalytic
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activity [8, 15, 18, 20, 21]. �e presence of a carboxylated
lysine in hydantoinase is also required for the self-assembly
of the binuclear metal center [12, 20, 22] and increases the
nucleophilicity of the hydroxide for catalysis [23].�e global
architecture of the dihydropyrimidinase monomer consists
of two domains, namely, a large domain with a classic (β/α)8-
barrel structure core embedding the catalytic dimetal center
and a small β-sandwich domain [16, 22, 24, 25].

All known dihydropyrimidinases are tetramers except
pseudomonal enzymes. Hydantoinase from P. putida YZ-26
functions as a dimer [26, 27]. Recently, we identi�ed that
dihydropyrimidinase from P. aeruginosa PAO1 also forms
a dimer [28]. In addition, the crystal structure of P. aeruginosa
PAO1 dihydropyrimidinase indicated that several residues
crucial for tetramerization are not found in P. aeruginosa
dihydropyrimidinase [28]. In this study, we found that the
oligomerization of P. aeruginosa PAO1 dihydropyrimidinase
is a pH-dependent process. At pH 5.9, P. aeruginosa PAO1
dihydropyrimidinase mainly formed a tetramer. To con�rm
this result and determine how this enzyme can also form
a tetramer, we also determined the crystal structure of
P. aeruginosa PAO1 dihydropyrimidinase at 2.17 Å resolution
at acidic environment. Structural comparison indicated that
although P. aeruginosa PAO1 dihydropyrimidinase can also
form a tetramer, the residues being crucial for tetramerization
are di�erent from those in�ermus sp. dihydropyrimidinases.

2. Materials and Methods

2.1.Cloning,ProteinExpression,andPuri�cation. Construction
of the P. aeruginosa dihydropyrimidinase expression plas-
mid has been reported [15]. Recombinant P. aeruginosa
dihydropyrimidinase was expressed and puri�ed using the
protocol described previously [15].�e protein puri�ed from
the soluble supernatant by Ni2+-a�nity chromatography
(HiTrap HP; GE Healthcare Bio-Sciences, Piscataway, NJ,
USA) was eluted with Bu�er A (20mM Tris-HCl, 250mM
imidazole, and 0.5M NaCl, pH 7.9) and dialyzed against
a dialysis bu�er (20mM HEPES and 100mM NaCl, pH 7.0;
Bu�er B). Protein purity remained>97% as determined by SDS-
PAGE (Mini-PROTEAN Tetra System; Bio-Rad, CA, USA).

2.2. Gel Filtration Chromatography. Gel �ltration chro-
matography was carried out by the AKTA-FPLC system
(GE Healthcare Bio-Sciences, Piscataway, NJ, USA). In brief,
puri�ed protein (5mg/mL) in Bu�er C (20mM MES and

100mM NaCl, pH 5.9) was applied to a Superdex 200 prep
grade column (GE Healthcare Bio-Sciences, Piscataway, NJ,
USA) equilibrated with the same bu�er [29]. �e column
was operated at a ¨ow rate of 0.5mL/min, and the proteins
were detected at 280nm. �e column was calibrated with
proteins of known molecular weight: thyroglobulin (670 kDa),
c-globulin (158 kDa), ovalbumin (44 kDa),myoglobin (17 kDa),
and vitamin B12 (1.35 kDa).

2.3. Crystallography. Before crystallization, P. aeruginosa
dihydropyrimidinase was concentrated to 20mg/mL in
Bu�er C. Crystals were grown at room temperature by
hanging drop vapor di�usion in 10% PEG 8000, 100mM
HEPES, 200mM calcium acetate, pH 5.9. Data collection
and re�nement statistics for the crystal of P. aeruginosa
dihydropyrimidinase are shown in Table 1. Data were col-
lected using an ADSC Quantum-315r CCD area detector at
SPXF beamline BL13C1 at NSRRC (Taiwan, ROC). All data
integration and scaling were carried out using HKL-2000
[30]. �ere were four P. aeruginosa dihydropyrimidinase
monomers per asymmetric unit. �e crystal structure of
P. aeruginosa dihydropyrimidinase was solved at 2.17 Å reso-
lution with the molecular replacement software AMoRe [31]
using the dihydropyrimidinase (PDB entry 5E5C) [28] as

Dihydrouracil

N N

O

O O

N

COOH

NH2

N-carbamoyl-β-alanine

+ H2O

Figure 1: �e physiological reaction of dihydropyrimidinase.
Dihydropyrimidinase catalyzes the reversible cyclization of dihy-
drouracil to N-carbamoyl-β-alanine in the second step of the
pyrimidine degradation pathway.

Table 1: Data collection and re�nement statistics.

Data collection
Crystal P. aeruginosa dihydropyrimidinase
Wavelength (Å) 0.975
Resolution (Å) 30–2.17
Space group C2221

Cell dimension (Å)
a� 108.9, α� 90
b� 155.7, β� 90
c� 235.6, c � 120

Completeness (%) 99.8 (100)∗

<I/σI> 15.13 (3.7)
Rsym or Rmerge (%) 0.122 (0.599)
Redundancy 7.1 (7.3)
Re�nement

Resolution (Å) 30–2.17
Number of re¨ections 100197
Rwork/Rfree 0.1759/0.2312
Number of atoms
Protein 1912
Water 312

RMS deviation
Bond lengths (Å) 0.0151
Bond angles (°) 1.6495

Ramachandran plot
In preferred regions 1345 (94.19%)
In allowed regions 68 (4.76%)
Outliers 15 (1.05%)

PDB entry 5YKD
∗Values in parentheses are for the highest resolution shell.
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model. After molecular replacement, model building was
carried out using XtalView [32]. CNS was used for molecular
dynamics re�nement [33]. �e �nal structure was re�ned to
an R-factor of 0.1759 and an Rfree of 0.2312. Atomic co-
ordinates and related structural factors have been deposited
in the PDB with accession code 5YKD.

3. Results and Discussion

3.1. Structure of the P. aeruginosa Dihydropyrimidinase
Monomer. Crystals of P. aeruginosa dihydropyrimidinase

were grown at room temperature by hanging drop vapor
di�usion in 10% PEG 8000, 100mM HEPES, 200mM cal-
cium acetate, pH 5.9. �e crystals of P. aeruginosa dihy-
dropyrimidinase grown under this condition belonged to
space group C2221 with cell dimensions of a � 108.9,
b� 155.7, and c� 235.6 Å.�e crystal structure of P. aeruginosa
dihydropyrimidinase was solved at 2.17 Å resolution (Table
1). �e unit cell contained eight molecules. An asymmetric
unit of the crystal contained four crystallographically in-
dependent P. aeruginosa dihydropyrimidinase monomers,
in which two zinc ions were found in the active site per

A

C

B

D

(a) (b)

Figure 2: Crystal structure of P. aeruginosa dihydropyrimidinase. (a) Ribbon diagram of a P. aeruginosa dihydropyrimidinase tetramer.
Each P. aeruginosa dihydropyrimidinase monomer is color-coded. Two zinc ions in the active site are presented as black spheres. (b) Ribbon
diagram of a P. aeruginosa dihydropyrimidinase monomer with the secondary structures labeled.

D316
H239

H61

H59

H183

K150

(a)

D316 H239

H61

H59

H183

K150

(b)

Figure 3: Structural comparison. (a) Superposition of the active site of dihydropyrimidinases. �eir active sites contain four histidines, one
aspartate, and one carboxylated lysine residue, which are required for metal binding and catalytic activity. Dihydropyrimidinases from
P. aeruginosa (PDB entry 5E5C; green),�ermus sp. (PDB entry 1GKQ; salmon), Tetraodon nigroviridis (PDB entry 4H01; pale yellow), and
the structure (PDB entry 5YKD; purple blue) in this study are shown.�e architecture of these active sites is similar. (b) Superposition of the
active site of members of the amidohydrolase family. �eir active sites contain four histidines, one aspartate, and one carboxylated lysine
residue, which are required for metal binding and catalytic activity. P. aeruginosa dihydropyrimidinase (PDB entry 5YKD; purple blue),
Escherichia coli allantoinase (PDB entry 3E74; bright orange), Burkholderia pickettii hydantoinase (PDB entry 1NFG; aquamarine), and
E. coli dihydroorotase (PDB entry 1J79; brown) are shown. �e architecture of these active sites is similar.
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monomer (Figure 2(a)). �e majority of the electron density
for P. aeruginosa dihydropyrimidinase exhibited good
quality, and no discontinuity was observed. Brie¨y, the
overall structure of each P. aeruginosa dihydropyrimidinase
unit consists of 17 α-helices, 19 β-sheets, and two zinc ions
(Figure 2(b)). At pH 5.9, the architecture of the P. aeruginosa
dihydropyrimidinase monomer consists of two domains,
namely, a large domain with a classic (β/α)8-barrel struc-
ture core embedding the catalytic dimetal center and a small
β-sandwich domain.

3.2. Structural Comparison. �e overall structure and ar-
chitecture of the active site of P. aeruginosa dihydropyr-
imidinase are similar to those of other dihydropyrimidinases
(Figure 3(a)) and other members of the amidohydrolase
family of enzymes, such as hydantoinases, dihydroorotases,

and allantoinases (Figure 3(b)). �e active sites of these
enzymes contain four histidines, one aspartate, and one
carboxylated lysine residue, which are required for metal
binding and catalytic activity [12, 14, 15, 19, 20, 34, 35].

3.3. pH-Dependent Oligomerization of P. aeruginosa
Dihydropyrimidinase. It was noted that the crystals of the
dimeric P. aeruginosa dihydropyrimidinase belonged to
space group P3121 grown at the condition of 28% PEG 6000,
100mM HEPES, 200mM lithium acetate, pH 7.5 [28]. Due
to the di�erent crystallization condition, we attempted to
test whether the oligomerization of P. aeruginosa dihy-
dropyrimidinase is pH-dependent. All known dihydropyr-
imidinases are tetramers. However, pseudomonal
dihydropyrimidinase/hydantoinase forms a dimer at neu-
tral pH [26–28]. Given that the structure implies that
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Dimer
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Figure 4: Gel �ltration chromatographic analysis. Gel �ltration chromatography was carried out by the AKTA-FPLC system in Bu�er C
(20mM MES and 100mM NaCl, pH 5.9). �e corresponding peaks show the eluting P. aeruginosa dihydropyrimidinase. �e column was
calibrated with proteins of known molecular weight: thyroglobulin (670 kDa), c-globulin (158 kDa), ovalbumin (44 kDa), myoglobin
(17 kDa), and vitamin B12 (1.35 kDa).

A

C

D

B B C′

D′A

Figure 5:�e structure of P. aeruginosa dihydropyrimidinase tetramer. An asymmetric unit contains four crystallographically independent
P. aeruginosa dihydropyrimidinase monomers B-A-C-D. Crystallographically related tetramer B-A-C′-D′was formed and further stabilized
via many hydrogen bonds and salt bridges. �is tetramerization structure was similar to that of �ermus sp. dihydropyrimidinase
(PDB entry 1GKQ).
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P. aeruginosa dihydropyrimidinase may also form a tetramer
in the crystalline state at pH 5.9 (Figure 2(a)), we performed
biochemical verification to confirm the oligomerization
state. To confirm whether or not the oligomerization of
P. aeruginosa dihydropyrimidinase is pH-dependent, we
conducted gel filtration chromatography at pH 5.9. As
shown in Figure 4, the results revealed that two species with

elution volume of 63.25 and 69. 26mL did coexist. ,e
molecular mass of a P. aeruginosa dihydropyrimidinase
monomer, as calculated from the amino acid sequence, is
53 kDa. Assuming that these two forms of P. aeruginosa
dihydropyrimidinase have a shape and partial specific vol-
ume similar to the standard proteins, the native molecular
masses of P. aeruginosa dihydropyrimidinase were estimated
to be 105 and 180 kDa, approximately 1.9 and 3.5 times the
molecular mass of a P. aeruginosa dihydropyrimidinase
monomer, respectively. In comparison at pH 7.5, gel fil-
tration chromatographic analysis of P. aeruginosa dihy-
dropyrimidinase revealed a single peak; the native molecular
mass was estimated to be 117 kDa [28]. ,e two forms of this
enzyme obtained from the gel filtration chromatography at
pH 5.9 had similar specific activity (data not shown). ,us,
P. aeruginosa dihydropyrimidinase did exist as a mixture of
dimers and tetramers at pH 5.9.

3.4. Structural Insights into Dimer of Dimer (Tetramer)
Formation of Dihydropyrimidinase. In this study, we have
identified that P. aeruginosa dihydropyrimidinase did exist
as a mixture of dimers and tetramers at pH 5.9. To assess
how P. aeruginosa dihydropyrimidinase can form a stable
tetramer, the dimer-dimer interface was analyzed. In the

Table 2: ,e formation of hydrogen bonds at the dimer-dimer
interface of P. aeruginosa dihydropyrimidinase.

Subunit 1 Distance [Å] Subunit 2
A: K374 [NZ] 3.00 B: E14 [OE1]
A: H13 [NE2] 2.88 B: E14 [OE1]
A: R386 [NH2] 3.86 B: E14 [OE2]
A: R386 [NH1] 2.81 B: E15 [OE2]
A: R386 [NH2] 2.83 B: E15 [OE2]
A: R468 [NH2] 3.61 B: Q306 [OE1]
A: R253 [NH1] 3.27 B: S307 [O]
A: R253 [NH2] 3.13 B: S307 [O]
A: R467 [NH1] 2.92 B: V354 [O]
A: R468 [NE] 2.95 B: G357 [O]
A: R468 [NH2] 3.09 B: G357 [O]
A: R468 [NH2] 3.40 B: R358 [O]
A: R467 [NH1] 3.24 B: L359 [O]
A: E14 [OE1] 3.09 B: K374 [NZ]
A: E14 [OE1] 2.47 B: H13 [NE2]
A: E15 [OE2] 2.70 B: R386 [NH1]
A: S307 [O] 3.30 B: R253 [NH1]
A: S307 [O] 3.55 B: R253 [NH2]
A: V354 [O] 2.91 B: R467 [NH1]
A: G357 [O] 2.94 B: R468 [NH2]
A: G357 [O] 2.94 B: R468 [NE]
A: R358 [O] 3.56 B: R468 [NH2]
A: L359 [O] 3.16 B: R467 [NH1]
C′: H13 [NE2] 2.79 D′: E14 [OE1]
C′: K374 [NZ] 3.25 D′: E14 [OE1]
C′: R386 [NH1] 2.85 D′: E15 [OE1]
C′: R386 [NH2] 2.59 D′: E15 [OE2]
C′: R468 [NH2] 3.26 D′: Q306 [OE1]
C′: R253 [NH1] 3.13 D′: S307 [O]
C′: R253 [NH2] 3.16 D′: S307 [O]
C′: R468 [NE] 2.71 D′: G357 [O]
C′: R468 [NH2] 3.11 D′: R358 [O]
C′: E14 [OE1] 2.88 D′: H13 [NE2]
C′: E14 [OE1] 2.89 D′: K374 [NZ]
C′: E15 [OE2] 2.88 D′: R386 [NH1]
C′: E15 [OE2] 2.73 D′: R386 [NH2]
C′: Q306 [OE1] 3.53 D′: R468 [NH2]
C′: S307 [O] 3.21 D′: R253 [NH1]
C′: S307 [O] 3.59 D′: R253 [NH2]
C′: G357 [O] 2.65 D′: R468 [NE]
C′: R358 [O] 3.33 D′: R468 [NH2]

Table 3: ,e formation of salt bridges at the dimer-dimer interface
of P. aeruginosa dihydropyrimidinase.

Subunit 1 Distance [Å] Subunit 2
A: K374 [NZ] 3.00 B: E14 [OE1]
A: H13 [NE2] 2.88 B: E14 [OE1]
A: R386 [NH2] 3.86 B: E14 [OE2]
A: H13 [NE2] 3.75 B: E14 [OE2]
A: R386 [NH1] 3.55 B: E15 [OE1]
A: R386 [NH1] 2.81 B: E15 [OE2]
A: R386 [NH2] 2.83 B: E15 [OE2]
A: E14 [OE1] 3.09 B: K374 [NZ]
A: E14 [OE1] 2.47 B: H13 [NE2]
A: E14 [OE2] 3.93 B: H13 [NE2]
A: E15 [OE1] 3.69 B: R386 [NH1]
A: E15 [OE2] 3.00 B: R386 [NH2]
A: E15 [OE2] 2.70 B: R386 [NH1]
C′: H13 [NE2] 2.79 D′: E14 [OE1]
C′: K374 [NZ] 3.25 D′: E14 [OE1]
C′: H13 [NE2] 3.86 D′: E14 [OE2]
C′: R386 [NH1] 2.85 D′: E15 [OE1]
C′: R386 [NH2] 3.84 D′: E15 [OE1]
C′: R386 [NH1] 2.96 D′: E15 [OE2]
C′: R386 [NH2] 2.59 D′: E15 [OE2]
C′: E14 [OE1] 2.88 D′: H13 [NE2]
C′: E14 [OE1] 2.89 D′: K374 [NZ]
C′: E14 [OE2] 3.78 D′: H13 [NE2]
C′: E15 [OE1] 3.34 D′: R386 [NH1]
C′: E15 [OE2] 2.88 D′: R386 [NH1]
C′: E15 [OE2] 2.73 D′: R386 [NH2]

178 Bioinorganic Chemistry

__________________________ WORLD TECHNOLOGIES __________________________



WT
crystal of P. aeruginosa dihydropyrimidinase, the four
molecules formed two pairs of dimers, B-A and C-D, re-
spectively (Figure 5). Since the two dimers of P. aeruginosa
dihydropyrimidinase associate via few contacts to create the

tetramer, it was thought that the tetrameric state may be
possibly due to crystal packing forces. We noted that in the
crystal, another crystallographically related tetramer B-A-
C′-D′ (Figure 5) was formed and further stabilized via many

(a) (b)

Figure 6: Comparison of the tetrameric structures of �ermus sp. dihydropyrimidinase and P. aeruginosa dihydropyrimidinase.
(a) Structural analysis of the dimer-dimer interface of P. aeruginosa dihydropyrimidinase. �e distance (Å) of the residues is shown.
(b)Many residues crucial for forming hydrogen bonds at the dimer-dimer interface of P. aeruginosa dihydropyrimidinase were not found in
the dimer-dimer interface of �ermus sp. dihydropyrimidinase.

60
60

119
120

179
179

239
239

299
298

359
358

419
418

478
458

479R
-
R Pseudomonas aeruginosa PAO1
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Figure 7: Sequence alignment of dihydropyrimidinases from P. aeruginosa and �ermus sp. �e amino acids that are involved in dimer-
dimer interface of P. aeruginosa and �ermus sp. dihydropyrimidinase are boxed, respectively.
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hydrogen bonds and salt bridges (Tables 2 and 3). ,is
tetramerization structure was similar to that of )ermus sp.
dihydropyrimidinase (PDB entry 1GKQ).

We also compared the residues important for tetrame-
rization located at the B-A-C′-D′ dimer-dimer interface
with those of )ermus sp. dihydropyrimidinase (Figure 6).
Although their overall structures are similar, the important
residues for tetramer (dimer B-C′ with dimer A-D′) for-
mation are quite different. For the tetramer formation of
P. aeruginosa dihydropyrimidinase, many hydrogen bonds
with close distance were found: these bonds (<3 Å) include
K374(A)–E14(B), H13(A)–E14(B), R386(A)–E14(B), R386
(A)–E15(B), R467(A)–V354(B), R468(A)–G357(B), E14(A)–
H13(B), E15(A)–R386(B), V354(A)–R467(B), G357(A)–R468(B),
H13(C′)–E14(D′), R386(C′)–E15(D′), R468(C′)–G357(D′),
E14(C′)–H13(D′), E14(C′)–K374(D′), E15(C′)–R386(D′), and
G357(C′)–R468(D′); however, these residues were not found
for the tetramer formation of)ermus sp. dihydropyrimidinase
(Figure 6). Only A13–D14 hydrogen bond was found
in )ermus sp. dihydropyrimidinase (i.e., H13–E14 in
P. aeruginosa dihydropyrimidinase). ,us, the dimer-dimer
interface between P. aeruginosa dihydropyrimidinase and
)ermus sp. dihydropyrimidinase was significantly different
(Figure 7). Comparison by superimposition indicated that
many Arg residues (R253, R358, R386, R467, and R468)
found in P. aeruginosa dihydropyrimidinase, but not in
)ermus sp. dihydropyrimidinase, may play a crucial role
for the pH-dependent oligomerization. If consider the pKa,
a much better candidate is His13, which is involved in
intermolecular interactions and, dependent on the envi-
ronment of its side chain, which may easily change pro-
tonation state between pH 5.9 and pH 7.5. However, this
speculation needs to be confirmed by further biochemical
experiments.

3.5. Different Mechanisms for Tetramer Formation of
Dihydropyrimidinases. In this study,we identifiedP. aeruginosa
dihydropyrimidinase can be a tetramer both in the crys-
talline state and in solution (Figure 4). ,e structure of the
tetrameric)ermus sp. dihydropyrimidinase and P. aeruginosa
dihydropyrimidinase was compared (Figure 6).Many important
residues for )ermus sp. dihydropyrimidinase tetramer for-
mation are different from those for P. aeruginosa dihy-
dropyrimidinase (Figure 7). On the basis of these results,
we concluded that P. aeruginosa dihydropyrimidinase could
form a tetramer, but its oligomerization mechanism differed
from those of other dihydropyrimidinases such as )ermus
sp. dihydropyrimidinase.
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Carbon monoxide (CO) has long been known as the “silent killer” owing to its ability to form carboxyhemoglobin—the main
cause of CO poisoning in humans. Its role as an endogenous neurotransmitter, however, was suggested in the early 1990s. Since
then, the biological activity of CO has been widely examined via both the direct administration of CO and in the form of so-called
“carbon monoxide releasing molecules (CORMs).” +is overview will explore the general physiological effects and potential
therapeutic applications of CO when delivered in the form of CORMs.

1. Introduction

Carbon monoxide (CO) is a colorless, odorless gas that is
endogenously produced in the human body through heme
oxygenase, which is present in two forms: the constitutive
(HO-2 and HO-3) and inducible (HO-1) isoforms [1]. It has
a higher affinity for hemoglobin than does O2, when it forms
carboxyhemoglobin, thus preventing O2 transport
throughout the body. A few years ago, it was discovered that
CO gas in small doses exhibits some anti-inflammatory and
antimicrobial properties making it useful as a potential
therapeutic agent for disease control [2]. Unfortunately,
using CO gas under clinical conditions is not practical. +e
gas has a low solubility in water, and so it has only a limited
solubility in body fluids, which means that a person would
need to inhale a high concentration of the gas to attain
a meaningful concentration in the body [3]. Moreover, the
delivery of gaseous CO cannot be precisely controlled and
overexposure of body tissue to the gas could be harmful [4].

It is the well-known synergistic bonding (σ-donor and
π-acceptor) ability of CO to transition metals that accounts
for both its stability and reactivity [5]. Countless transition
metal carbonyl complexes are now known, and some of
these can release CO within the human body without af-
fecting the level of carboxyhemoglobin produced. +ese

complexes are now referred to as “carbon monoxide re-
leasing molecules (CORMs).” A CORM is made up of two
parts: a CORM sphere and a drug sphere. +e CORM sphere
determines the number of CO molecules that can be re-
leased, the kinetics of the CO release, and the trigger
mechanism necessary to cause the CO release. +e drug
sphere, defined by the periphery of the coligands sur-
rounding the transition metal center, affords the most
critical advantage of a CORM over CO gas.+is advantage is
because the CORM canmodulate the partition ratio between
the various body fluids and tissues, thus allowing it to be
targeted to specific tissues. Most of the recent research on
CORMs has been focused on the CO-release properties, and
the drug sphere has been essentially ignored. Since the drug
sphere is essential for targeting the CORM into a desired
area of the body, more research is needed in this area [6].

+e Ph.D. thesis of Joao Daniel de Silva Seixas from the
Institute of Chemistry and Biology at the New University of
Lisbon in 2011 entitled Development of CO-Releasing Mol-
ecules for the Treatment of Inflammatory Diseases is par-
ticularly informative about the utility of CORMs in some
medical situations [7]. Interestingly, one of the first CORM
molecules ever identified was Et4N[Mo(CO)5Br] (ALF062),
and this was prepared during the Ph.D. thesis work of one of
the authors of this overview during the early 1960s [8].
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Several important review articles on CORMs have been
published over the years [9–14]. +e present overview is
focused on the pharmacological uses of CORMs and their
impact on various human pathologies with the aim of de-
termining whether CORMs will indeed be useful as thera-
peutic agents as was originally suggested in the pioneering
paper byMotterlini in 2002 [1]. Reviews somewhat related to
ours have recently been published by Ward [15] and Ling
et al. [16]. +e structures of the CORMs mentioned here are
shown in Scheme 1, and a summary of the potential ther-
apeutic applications is listed in Table 1.

2. Effect of CORMs on Bacteria

CORMs possess the ability to accumulate inside bacterial
cells before they release CO, and this fact has led them to
become useful CO donors to bacterial targets, such as
Escherichia coli, Staphylococcus aureus, Helicobacter pylori,
and Pseudomonas aeruginosa. For instance, Bang et al. [17]
have demonstrated that dimeric CORM-2, Ru2Cl4(CO)6,
decreases the bacterial viability of multidrug resistant uro-
pathogenic isolates of E. coli (UPEC) under biofilm con-
ditions as well as in the colonization of human bladder
epithelial cells. Biofilm is the term given to bacteria enclosed
in a matrix that adheres to an abiotic or a biotic surface.
+ere is increased resistance to antimicrobial agents by
many bacteria when grown in biofilms. +e formation of
biofilm on medical devices, such as urinary catheters, in-
creases the likelihood of urinary tract infections (UTIs). In
patients with UTI, UPEC, and biofilm-producing UPEC are
frequently seen. An example of a bacterium that causes
biofilm formation is extended-spectrum beta-lactamase-
(ESBL-) producing Enterobacteriaceae. +e objective of
this 2016 study of Bang et al. [17] was to investigate the
antibacterial effects of CORM-2 on ESBL-producing
UPEC in biofilm and in the colonization of human blad-
der epithelial cells. +e results revealed that CORM-2
exhibited antibacterial properties against drug-resistant
UPEC both under biofilm and host cell colonization
conditions. CORM-2 reduced planktonic bacterial counts
in the exponential growth phase by more than 3 log units
within 4 hours. Although CORM-2 showed a delayed in-
hibitory response in the stationary growth phase, an an-
tibacterial effect was observed after 24 hours. To confirm
that CO is necessary for the antibacterial effect of CORM-2,
the CO-free molecule, Ru(DMSO)4Cl2, was exposed to
ESBL biofilms and epithelial cells, and unlike CORM-2, it
demonstrated no reduction.

Another study on the efficacy of CORMs against E. coli
has been reported by Tinajero-Trejo et al. [18]. Instead of
using CORM-2, however, they employed the novel water-
soluble, Mn-based photoactivated CORM, Mn(CO)3(tpa-
k3N), known as PhotoCORM. Upon irradiation at 325 nm,
the complex releases CO. Tested specifically against the
EC958 strain of E. coli, it was shown that the illuminated
PhotoCORM suppressed respiration of EC958 membranes
when compared to the untreated samples at a 50% O2
tension and even more so at a much lower O2 tension (15%).
+e PhotoCORM also inhibited EC958 growth on glucose

upon illumination, but not in the dark. Although the an-
timicrobial effects of PhotoCORM depend only on light
activation, it is independent of O2, suggesting that Photo-
CORM is toxic in anoxic cultures as well. A related pho-
toactivated CORM, Trypto-CORM, also displays marked
cytotoxicity toward E. coli and, more recently, has been
shown to be effective against Neisseria gonorrhoeae [19, 20].

In addition to E. coli, the effect of CORMs against the
leading pathogen in skin infections, Staphylococcus aureus,
has been explored.+is bacterium can form biofilms that are
almost impossible to eradicate using regular antibiotics. +e
goal of a study by Klinger-Strobel et al. [89] was to test the
ability of CO to eliminate this highly resistant bacterium.
+e CO-treated biofilms showed elevated counts of dead
bacteria compared to other biofilms that were not exposed to
CO gas. Bacterial cells within methicillin-resistant S. aureus
biofilms, the most common pathogen that causes skin in-
fections, were killed after 135min exposure to 405 nm light
in the presence of CO gas. Furthermore, based on the work
of Tavares et al. [21], CORMs prevented the survival of
Helicobacter pylori, a pathogen responsible for chronic
gastric ulcers. Treatment with CORM-2, which is soluble in
DMSO, for 15 hours resulted in a 4-log loss of cell viability;
however, when treated with water-soluble CORM-3, Ru
(CO)3Cl(glycinate), the viability was attenuated by 2-log
only. +us, a more potent effect against H. pylori is achieved
by CORM-2. +is difference is presumably due to the dif-
ferent reactivity, hydrophobicity, polarity, and/or hydrogen
bonding ability. Specifically, the DMSO-soluble CORM-2 is
more hydrophobic than is the water-soluble CORM-3,
which may favour the interaction of CORM-2 with the
medium and the H. pylori cells. Additionally, exposure to
CORM-2 for 5min caused a decrease of greater than 50% in
O2; this suggests that CORM-2 inhibits H. pylori cell res-
piration, thereby inducing bacterial death. +e mechanism
for bacterial extermination ability of CORM-2 can be traced
to the ability of H. pylori to express a nickel-containing
urease, an enzyme responsible for the capability of the
bacteria to cause disease. Since CO can bind transition
metals, the effect of CORM-2 on the urease activity was
analyzed. +e results indicated that H. pylori grown in the
presence of CORM-2 demonstrated a 65% decrease in urease
activity. Furthermore, when the bacterial cells were in-
cubated with increasing concentrations of CORM-2 for
15min, the urease activity was completely abolished. +us,
the antibacterial effect induced by CORM-2 is most probably
due to the ability of CO to bind to nickel.

+e enteropathogen, S. typhimurium, which is associated
with gastroenteritis, survives and proliferates within innate
immune cells. Research conducted by Rana et al.co [22] has
assessed the effects of CORMs on the bacterium, Salmonella
enterica serova typhimurium. With an increasing concen-
tration of CORM-3, both the growth and viability of S.
typhimurium were reduced. +e CO released from CORM-3
binds to the terminal oxidases of S. typhimurium and is
rapidly taken up by the Salmonella cells. +e ruthenium
complex, CORM-3, speedily fluxes into the Salmonella cells.
After 80min, the level of ruthenium inside the cells exceeded
the final concentration added to the extracellular medium,
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indicating that CORM-3 is actively concentrated into bac-
terial cells.

Desmard et al. [23] have demonstrated that different
antibacterial activities occur against Pseudomonas aerugi-
nosa depending on the structural nature of the CORM used.
Both CORM-2 and CORM-3 contain ruthenium and are
rapid CO liberators—CO release occurs within 1min after
their addition to biological systems. +ese two compounds
only differ in their solubility in DMSO for CORM-2 and in
water for CORM-3. However, another CORM, CORM-A1,
which does not contain any transition metal, but boron
instead, slowly releases CO. In this work, a new compound
was also tested, CORM-371. +is CORM contains manga-
nese and liberates CO slowly. While all three CORMs inhibit
growth and metabolism of P. aeruginosa, as determined by
a decreased oxygen consumption, CORM-A1 reduced O2
consumption less than did CORM-2 and CORM-3 and
only slowed the initiation of bacterial growth. Moreover,
CORM-A1 had no bactericidal properties but acted more as
a bacteriostatic agent (i.e., it only stopped bacteria from
reproducing and it did not kill any bacteria). Although both
CORM-A1 and CORM-371 are both slow CO releasers,

CORM-371 was found to be intermediate between CORM-
2/CORM-3 and CORM-A1 in this respect. It elicited
a stronger antibacterial effect and inhibition of O2 con-
sumption than did CORM-A1, but the ruthenium-based
compounds still showed the largest sustained effect. Owing
to the similar rates of CO release from CORM-371 and
CORM-A1, but the ability of CORM-A1 to only exert
a bacteriostatic effect, the kinetics of CO release from
CORMs is not necessary for their antibacterial effects. In-
stead, as indicated by the results obtained with the
ruthenium-based CORM-2 and CORM-3, which rapidly
decrease bacterial growth, the presence of a metal center that
favours CO targeting bacteria and the nature of transition
metal are more likely to be the causes of the antibacterial
activity exhibited by these CORMs. A recent investigation by
Flanagan et al. has also shown that [Et4N][MnBr2(CO)4] is
active against a variety of P. aeruginosa strains [24].

Although the best understood targets of CORMs are
hemes, Wilson et al. [90] have reported that a CORM can
have enhanced toxicity against nonclassical targets, that is,
nonheme bacteria. When exposed to E. coli hemA mutants
and Lactococcus lactis, two bacteria that lack heme, the

CO CO
CO

CO

CO

CO

CO

CO

Ru Ru Ru
OC OC

OCOC

Cl

Cl Cl

Cl

Cl

Cl Cl

H2
N

O O

CORM-2 CORM-3 CORM-A1

OH

O

O

O

O
O

O

H3B

OC

OC

OC

OC

Fe I OC

OC

OC OC

OCOC

FeFe FeBr

OC OC

OC

OC

OC

OC

OC

OC

CO

CO

CO

CO

CO

CO

CO

CO

CO

Cl

CORM-307 CORM-308 CORM-314 CORM-319

Mn
MnMn

S

S

S

S

S

N

N
N

NNCOOH

CORM-371 CORM-401 PhotoCORM

Mo

NH

NH2
N

Ru

OH
OH

HO HO

ALF186 ALF492

Scheme 1

184 Bioinorganic Chemistry

__________________________ WORLD TECHNOLOGIES __________________________



WT

Table 1: A summary of the potential therapeutic applications of CORMs.

CORM Effect Ref.
Bacteria:

E. coli
CORM-2

Decreased viability of uropathogenic isolates and reduced colonization of human
bladder epithelial cells [17]

Suppressed cell membrane respiration in the EC598 strain
PhotoCORM [18]
TryptoCORM Reduces cell viability by> 99.9% [19]

N. gonorrhoeae TryptoCORM Reduces cell viability by> 99% [20]

H. pylori CORM-2 Reduced cell viability via inhibition of Ni-containing urease [21]CORM-3
S. typhimurium CORM-3 Reduced growth and viability [22]

P. aeruginosa

CORM-2 CORM-2, -3, and -371 reduced bacterial O2 consumption and displayed bactericidal
properties [23]CORM-3

CORM-371 CORM-A1 slowed bacterial growth (bacteriostatic)CORM-A1
[MnBr2(CO)4] Varied reduction of cellular growth for a variety of strains [24]

Neurodifferentiation
and neuroprotection:

Neurodifferentiation CORM-A1 Improved neuronal differentiation and yield in NT2 cell line by promoting oxidative
metabolism [25]

Neuroprotection

CORM-2 Increased viability of neural stem cells and reduced number of apoptotic cells [26]
Lessened mitochondrial damage and improved neurological function of mice after

induced cardiac arrest [27]

ALF186 Prevented apoptosis in nerve cells simulating ischemic respiratory arrest by
increasing cellular cGMP levels [28]

ALF492 Protected mice against cerebral malaria [29]

Cochlear inflammation CORM-2 Inhibited MCP-1/CCL2 upregulation, reducing oxidative stress and protecting
against cochlear inflammation [30]

Neuroinflammation CORM-3 Reduced inflammatory response in BV-2 microglial cells by reducing NO
production [31]

Suppresses interleukin-1β-induced inflammatory responses [32]
Nociception and
diabetes:

Neuropathic pain CORM-2 Attenuated mechanical allodynia, thermal hyperalgesia, and thermal allodynia when
used in combination with the antinociceptive JWH-015 [33]

Reduced sciatic nerve injury-induced mechanical and thermal hypersensitivity by
attenuating spinal microglial activation and expression of NOS1/2 and CD11b/c

proteins
[34]

Diabetes CORM-A1 Facilitated beta cell regeneration by reducing T-helper cell counts and TGF-β and
Ki-67 expression [35]

Inflammatory disease:
Colitis CORM-2 Reduced cell survival of colitis-inducing cells [36]

CO-HbV Reduced tissue damage and prolonged survival of mice with induced colitis [37]

Bacterial LPS-induced
inflammation CORM-2

Prevented LPS-mediated inflammation by reducing TLR4/MD2 expression on
dendritic cell surfaces and protected mice against increased neutrophil counts

associated with septic inflammation
[38]

Tumour necrosis factor
α-induced
inflammation

CORM-2 Induced p65 glutathionylation which protects cysteinyl residues from irreversible
oxidation [39]

Inflammatory disease
(cont.):
Inflammation-induced
blood clotting CORM-2 Decreased blood clotting in human umbilical vein endothelial cells by suppressing

MAPK and NF-κB signaling pathways [40]

Uveitis CORM-A1 Improved retina morphology and expression of IFNgamma and IL-17A was lowered
and IL-10 raised in uveitis-induced mice [41]

Chronic inflammatory
pain CORM-2 Reduced mechanical allodynia and thermal hyperalgesia in mice and diminished

upregulation of NOS1 expression [42]

Intestinal barrier
function CORM-2 Improved barrier function of intestinal epithelial cells by suppressing

phosphorylation of the myosin light chain [43]

Periodontal disease CORM-3 Inhibited nuclear translocation of NF-κB and reduced DNA binding of p65/p50
subunits [44]
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Table 1: Continued.

CORM Effect Ref.
Vascular inflammation CORM-3 Inhibited neutrophilic myeloperoxidase activity [45]
Sepsis and associated
conditions:
Oxidative stress CORM-2 Reduced oxidative stress during sepsis by increasing HO-1 expression [46]
NO-induced lipid
peroxidation CORM-2 Attenuated inducible NO synthase and NO production [46]

CLP-induced sepsis CORM-2 Improved morphology of intestinal mucosa during sepsis, protecting against LPS-
induced intestinal damage [47]

Reduced mortality of mice with sepsis-induced acute kidney injury by reducing
biomarkers [48]

Septic lung injury CORM-3 Restored downregulated annexin A2 levels to normal in LPS-induced lung sepsis [49]
Myocardial
dysfunction CORM-3 Improved myocardial function in cardiac fibroblasts of septic mice by inhibiting

activation of the NLRP3 inflammasome [50]

Abnormal platelet
coagulation CORM-2 Abnormal platelet activation was reduced by inhibition of glycoprotein-mediated

HS1 phosphorylation [51]

Hyperglycemia CORM-2 Suppression of hepatic glucose metabolism in mice [52]
Recruitment of PMN
leukocytes CORM-3 Reduced leukocyte infiltration and attenuated several (but not all) proteins

expressed during sepsis [53]

Obesity:

Dietary-induced CORM-A1 Reduced weight gain, aided weight loss, and increased lean body mass in mice
receiving a high-fat diet [54]

CORM-2 Reduced leptin resistance and led to lower body weight of animals fed high-fat diet [55]
Hyperglycemia CORM-A1 Decreased hyperglycemia and reduced plasma insulin levels [54]
Angiogenesis,
aggregation, and
cancer:

Angiogenesis CORM-2
Prevented endothelial cell migration and proliferation induced by vascular
endothelial growth factor and suppressed phosphorylation of retinoblastoma

protein, halting extreme cell replication
[56]

Cancer CORM-401 Promoted vasorelaxation of precontracted aortic rings [57]

CORM-2 Increased survival of mice with A20 lymphoma tumours when encapsulated by folic
acid-tagged protein nanoemulsions [58]

Prevented global protein synthesis in pancreatic stellate cells [59]
PhotoCORM Reduced cell biomass upon irradiation at 365 nm [60]

Cell aggregation CORM-2 Decreased binding affinity of a integrin-specific ligand and lead to reduced cellular
aggregation [61]

Hemorrhagic shock and
postresuscitation
injuries:

Hemorrhagic shock CORM-A1 Maintained levels of fenestrations, cells, and adherent leukocytes by reducing
expression of cytokines [62]

CORM-3
Increased frequency of live human umbilical vein endothelial cells; reduced

apoptosis and decreasedmitochondrial transmembrane potential and reduced tissue
necrosis

[63]

Postresuscitation
myocardial injury CORM-2 Reduced myocytolysis and damage from myocardial fibers and decreased cardiac

mitochondrial ROS [64]

Hypoxia
reoxygenation CORM-3 Conserved cell viability [65]

Cardiac
transplantation CORM-3 Prolonged survival of rats after heart transplantation [65]

Improved coronary flow in mice following heart transplantation [66]

Kidney transplantation
CORM-2 Pretreating donor rats improved renal histology and function in recipients and long

term treatment, however, produced excess lymphocyte accumulation and
glomerulus atrophy

[67]CORM-3

Gastric, intestinal,
kidney, and liver
disorders:

Gastric disorder CORM-2 Reduced formation of mucosal lesions caused by alendronate (osteoclast inhibitor)
in rats stressed by water immersion [68]

Liver injury CORM-A1 Reduced hepatocyte cell death by decreasing CK18 cleavage products and lowering
RIP3 expression [69]

Hepatitis CORM-A1 Significantly reduced deaths in a murine model of autoimmune hepatitis [70]
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WTCORMs reduced their growth considerably. CORMs were
also found to disturb the cell membranes of these two
bacteria and deplete iron levels in wild type and heme-
deficient E. coli.

3. Effect of CORMs in Neuroprotection and
Neuronal Differentiation

An investigation by Verma et al. [91] has indicated that CO
gas may function as a neurotransmitter. +ese researchers
found high concentrations of heme oxygenase in the brain.
Moreover, since heme oxygenase degrades heme to bili-
verdin and releases CO in the process, there was a substantial
amount of CO in the brain as well. It was discovered that CO
is a weak activator of guanylyl cyclase (GC) thus allowing
CO to effect smooth muscle relaxation and potentially block
platelet aggregation. What therefore is the role of CO in
neural activity? Two independent research groups have
found that CO is linked to the functions of nonadrenergic,
noncholinergic neurons of the enteric nervous system and,
therefore, has an impact on spontaneous slow waves of the
smooth muscle [92, 93]. Furthermore, it has been reported
that CO may influence long-term potentiation (LTP) in
a tonic manner [94]; through the strengthening of synapses,
LTP has been shown to be involved in learning and memory.
In addition, endogenous CO has been implicated in at-
tenuating endotoxin-stimulated arginine vasopressin re-
lease. Excessive vasopressin release leads to greatly increased
water retention by the kidneys and contributes to the

dilation of blood; this dilation consequently leads to a low
salt concentration in the blood, a condition known as
hyponatremia [95]. However, CO may also be associated
with pathological states, and a few studies have concluded
that CO may be linked to onset of Parkinson’s disease
[96–98].

Two research teams have examined the effect of exog-
enous CO on the brain via CO inhalation. In the study by
Piantadosi et al. [99], awake rats were exposed to high
concentrations (2500 ppm) of CO gas for 60min. +is ex-
posure led to delayed histological damage in the brain, the
cerebral cortex being the most affected followed by the basal
ganglia and cerebellum. However, the performance of the
CO-exposed rats improved gradually and approached that of
control rats one month after the exposure. Exposure to high
concentrations of CO led to interstitial glutamate accu-
mulation which was attributed to increased hydroxyl radical
formation. In addition, CO interfered with mitochondrial
redox state and energy production. Glial damage was also
seen upon CORM administration.+ese observed effects led
to the conclusion that CO exhibited toxic effects in the brain
[99]. Another study confirmed the same finding by in-
vestigating the effects of CO poisoning on the brain in the
acute and chronic periods using magnetic resonance im-
aging. After examining the brains of 16 previously CO-
exposed patients, the imaging showed necrosis of the
globus pallidus, white matter lesions with demyelination or
necrosis, lesions of the cerebral cortex, and necrotic lesions
of the hippocampus [100]. Again, this study validated the

Table 1: Continued.

CORM Effect Ref.

Nephrotoxicity CORM-3 Reduced cell damage induced by cisplatin in renal epithelial cells by suppressing
caspase-3 activity and prevented apoptosis and kidney mass loss [71]

Renoprotection CORM-3 Increased viability of normal and cancerous human renal cells that were subjected to
cisplatin-induced toxicity and ischemia-reperfusion injury [72]

Intestinal disorder CORM-3 Partially restored intestinal contractility in mice presenting postoperative ileus and
reduced oxidative stress levels [73]

Lungs:
Pulmonary
hypertension CORM-3 Prevented ventricular hypertrophy and distal pulmonary artery muscularization in

hypoxia-induced mice [74]

Resulted in irreversible pulmonary vasoconstriction in an in vitro hypoxic
pulmonary vasoconstriction model [75]

Ocular system:
Intraocular pressure CORM-3 Lowered intraocular pressure in rabbits [76]
Cardiovascular effects:
Cardioprotection/
toxicity CORM-2 Decreased oxidative stress and apoptosis induced by DXR (antitumor agent) in

a narrow therapeutic window [77]

Attenuated angiotensin II-induced aortic smooth muscle cell migration by
inhibiting matrix metalloproteinase-9 expression and ROS/interleukin-6 generation [78]

CORM-3 Improved recovery of cardiac structure and function following myocardial
infarction in rats [79]

Pro- and anticoagulant
effects:
Procoagulation CORM-2 Increased strength and velocity of clot formation [80–82]

Attenuates snake venom with fibrinogenolytic and thrombin-like activity [83–86]
Anticoagulation CORM-2 Reduced platelet aggregation in aortic allograft recipient mice [87]

CORM-3 Decreased arterial thrombus formation [88]CORM-A1
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notion of CO poisoning leading to brain dysfunction.
However, CO under lower concentrations produced an
opposite effect on the brain. +e research by Quieroga et al.
[101] was aimed at evaluating the effect of CO on astro-
cyteneuronal communication. +e communication between
neurons and astrocytes is crucial for neurogenesis, normal
dendritic maturation, spine formation, and integration of
adult born neurons. Astrocytes play a role in neuro-
inflammation and neuroprotection—both processes are
compromised in diseases, such as Alzheimer’s in which there
is a substantial amount of neuronal cell death. Upon the
addition of 40 μm of t-BHP (a neuronal cell death inducer)
on neurons and cocultures (primary cultures of astrocytes
and neurons), a considerable amount of neuronal death
occurred. +ough, once CO was added in the coculture,
neuronal survival levels increased. Moreover, CO influenced
ATP extracellular content; extracellular ATP is a signaling
molecule involved in the communication between astrocytes
and neurons. Following CO treatment, intracellular ATP
concentration increased. Not only did CO boost ATP
content, but it also raised rates of consumption of the amino
acids, serine and cysteine, considerably. +is result indicated
that amino acids were being converted into pyruvate at
a much higher rate thus setting in motion the citric acid
cycle, which results in oxidative phosphorylation and ATP
production. To determine the role of ATP in astrocyte-
neuron communication, the ATP extracellular content
was measured at different times. +e results indicated that
CO stimulated ATP metabolism, which in turn triggered
increased communication between astrocytes and neurons,
therefore causing the astrocytes to protect the neurons from
apoptosis.

Because of the increasing occurrence of neurodegener-
ative diseases and ischemic stroke, balancing the amount of
neurogenesis is a hopeful method to improve the detection
of the symptoms and ultimately cure those disorders.
Almeida et al. [25] have demonstrated that CO promotes
neuronal differentiation and increased NT2 neuronal yield
by boosting cell metabolism. When the cultures were treated
with CORM-A1, the final number of postmitotic neurons
was duplicated. Kinetic parameters for cell growth displayed
an increase on growth rate, doubling time, and fold increase
when CORM-A1 was added into the medium. Moreover, in
the presence of CORM-A1, the total number of a mixed cell
population (composed of progenitor cells and postmitotic
neurons) was higher after 24 days of differentiation than
without CORM-A1.

Higher levels of mRNA expression of the specific neu-
ronal differentiation markers nestin, tuj1, and microtubule-
associated protein 2 (MAP2) were observed when treated
with CORM-A1 by comparison with treatment with retinoic
acid alone [25]. +is CORMwas also shown to modulate cell
metabolism by increasing neuronal yield. +e expression of
mRNA (Glut1 and MCT2), pyruvate dehydrogenase, and
lactate dehydrogenase membrane transporters all increased
upon administration of CORM-A1. In addition, when
supplemented with CORM-A1, the ratio of lactate
concentration/glucose concentration was lowered, which
validated the conclusion that the differentiation process was

elevated owing to a switch from oxidative to glycolytic
metabolism that occurred early on.

A promising approach to repair the impaired brain
following a hemorrhagic stroke is neural stem cell (NSC)
transplantation, but there is reduced cell survival because of
iron overload following the transplantation. According to
the data of Xie et al. [26], addition of CORM-2 increased the
viability of NSC in a concentration-dependent manner,
suggesting a neuroprotective effect of the CORM against
iron overload. CORM-2 also reduced the number of apo-
ptotic cells, whereas the ferrous iron-treated and iCORM-2
(inactive CORM) groups increased it. Iron overload gen-
erated nuclear translocation of NF-κB p65 in neural stem
cells but when CORM-2 was administered, the nuclear
translocation was diminished. Additionally, the levels of the
molecules, which induced apoptosis (Bax and cleaved
caspase-3), were elevated when exposed to excess iron.
Treatment with CORM-2 attenuated the levels of these
molecules to half that of the FeCl2 group. As well as in-
vestigating the viability of transplanted neural stem cells,
Wang et al. [27] examined the effect of CO treatment on
brain mitochondrial impairment and brain injury in rats.
Following the return of spontaneous circulation after cardiac
arrest or return of spontaneous circulation (ROSC), the
introduction of CO resulted in an increase in the 3-day
survival time of the rats. After 24 hours in ROSC-challenged
rats, CORM-2 treatment led to an elevated neurologic deficit
score when measuring arousal, reflex, motor, sensory, and
balance responses. Furthermore, CO was observed to lower
S-100B levels; S-100B refers to a marker of neurological
outcomes after cardiac arrest. CO supplementation also
elevated ATP levels, the mitochondrial respiratory ratio,
ΔΨm, and mitochondrial DNA; these factors are all in-
dicators of mitochondrial function, suggesting that CO
lessens mitochondrial damage associated with ROSC [27].

A different type of CORM, known as CORM ALF492,
has been shown to fully protect mice against experimental
cerebral malaria and acute lung injury via controlling CO
delivery in vivo without affecting O2 transport by hemo-
globin. +rough altering the ligand in the Ru-core scaffold
and metal-ligand linkage, Pena et al. [29] have managed to
synthesize CORM ALF492. +is CORM has a galactose-
derived ligand coordinated to the Ru center via a thioether
linkage, which helped to improve water solubility and
compatibility with biological molecules. +e presence of the
galactose ligand may also allow an elevated degree of
specificity by targeting appropriate receptors in the liver.
Owing to its increased solubility in water and high level of
specificity, CORM ALF492 was able to protect mice from
death due to cerebral malaria, which is mainly caused by the
parasite, Plasmodium falciparum [29]. CORM ALF186, was
also able to prevent nerve cell apoptosis in a simulation of
ischemic insult to neuronal cells. When SH-SY5Y-cells were
exposed to rotenone to simulate ischemic respiratory arrest,
only CORM ALF186 and not the CO-free inactivated
ALF186 (iALF 186) prevented nerve cell apoptosis induced
by rotenone by increasing cellular cGMP levels and sGC
expression [28]. Furthermore, based on the study by Woo
et al. [30], CO was found to increase the expression of
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oxidative stress-protecting enzymes within the developing
inner ear (cochlea) in a mouse model and thus demonstrated
that mild CO exposure may be beneficial for diseases caused
by oxidative stress.

Excessive inflammatory responses can be harmful and
the modulation of inflammation in microglia by CO has
been shown to be necessary for the control of neuro-
inflammation. Several studies concerning the anti-
inflammatory effect of CO have been performed in vitro
using BV-2 microglial cells. Bani-Hani, for example, has
found that CORM-3 decreases NO production and TNF-α
release in response to LPS, thrombin, and IFN-γ stimuli,
thereby limiting the inflammatory response of neurons [31].
Lin et al. have also recently reported that CORM-3 se-
quentially activates a c-Src/Pyk2/PKCα/Erk1/2 pathway in
rat brain astrocytes causing induction of HO-1 and sub-
sequent suppression of interleukin-1β-mediated neuro-
inflammation [32].

4. Contributions of CORMs in Nociception
and Diabetes

Painful neuropathy is the most common complication of
diabetes mellitus affecting 40% of people with type-1 di-
abetes. Administration of cannabinoid receptor 1 (CB1R)
and 2 (CB2R) agonists does reduce pain inmany animal pain
models and may be a target for treatment of neuropathy. In
a mice model of streptozotocin- (STZ-) induced diabetic
neuropathy, a study was undertaken to evaluate the anti-
nociceptive effects of the CB2R agonist, JWH-015, when
combined with CORM-2 and when with CORM-2 alone. A
STZ injection induced mechanical allodynia (pain due to
stimuli that do not normally provoke a painful response),
thermal hyperalgesia (increased sensitivity to pain), and
thermal allodynia (pain from normally mild skin temper-
atures in the affected area). Upon administration of CORM-
2, mechanical allodynia, thermal hyperalgesia, and thermal
allodynia were significantly attenuated compared to the
control group. Furthermore, low levels of HO-1, CB2R, and
overexpression of nitric oxide synthase (NOS1) are char-
acteristic of diabetes. Supplementation of CORM-2, com-
bined with JWH-015, increased protein levels of HO-1 and
CB2R and decreased the NOS1 protein levels. Taken to-
gether, these results suggest that CORM-2 could act as
a potential treatment for painful neuropathy [33].

Additional evidence of CORMs being able to treat
neuropathic pain has come from a study in which the
antinociceptive effect of CORMs was evaluated in a murine
model of sciatic nerve injury [34]. Sciatic nerve injury ele-
vates NOS1, NOS2, and CD11b/c protein levels and in-
creases spinal microglial activation; however, expression of
these proteins and activation of microglial cells were at-
tenuated upon CORM-2 administration. It was also ob-
served that CORM treatment reduced the mechanical and
thermal hypersensitivity caused by sciatic nerve injury. Next,
the effects of CORM-A1 on preventing diabetes via beta cell
regeneration were examined by Nikolic et al. [35]. In di-
abetes, the immune system of the body attacks and destroys
the beta cells; this situation is characterized by a high

interleukin and T-helper cell count as well as a low TGF-ß
count and Ki-67 protein expression. When mice were
treated with CORM-A1, the frequency of T-helper cells was
noted to be considerably lowered in the spleen and
pancreatic-draining lymph nodes of the mice when com-
pared to the values for the non-CORM-A1-treated control
group. CORM-A1 also resulted in an elevation in TGF-ß
production and Ki-67 protein expression; hence, it coun-
teracts the effects of diabetes.

Another study was undertaken to investigate the ability
of CO in preventing diabetes via injecting dendritic cells
treated with CO into diabetic rats [102]. +is approach
resulted in an inhibition of diabetes independent of IL-10
secretion and CD4+ Tcell expression in dendritic cells; thus,
this denoted that the protection was not mediated by
dendritic cells (DCs), but instead was mediated by CO.

5. Role of CORMs in Inflammatory Disease

+e CO gas liberated by CORMs also has an important role
in modulating inflammation, a symptom observed in
multiple pathological conditions. An example of such
a pathological condition is colitis, which is described as an
inflammatory reaction in the colon. One study exposed NIH
3T3 fibroblasts, cells that contribute to colitis, to varying
concentrations of CORM-2 for 24 hours [36]. A significant
decrease in cell survival was noted suggesting an anti-
inflammatory effect of CORM-2 on colitis-inducing cells.

Another study has focused on the potential uses of a new
type of nanosized CO donor, CO-HbV (CO bound he-
moglobin encapsulated liposomes), with respect to pro-
viding therapeutic benefits for the symptoms of colitis [37].
CO-HbV administration was seen to suppress the pro-
gression of symptoms associated with colitis as well as
prolonging the survival duration of dextran sulphate so-
dium- (DSS-) induced mice. Tissue damage, such as necrosis
and ulcers, was found in DSS-induced colitis mice, whereas
DSS mice that were treated with CO-HbV displayed lower
amounts of tissue damage and a histological appearance that
was like that of the control mice. Similarly, the adminis-
tration of DSS generated anemia due to bleeding in the
colon; reduced levels of red blood cells (RBC) and hemo-
globin (Hb) were observed in the DSS-induced colitis mice.
In contrast, the CO-HbV treatment overturned this re-
duction in RBC and Hb. +erefore, the overall results from
the two studies described here [36, 37] support the notion of
CORMs being able to negate cell death and the harmful
effects induced by colitis. Certain inflammatory diseases
work by targeting dendritic cells thus resulting in an in-
flammatory response. +e roles of dendritic cells are to
recognize, destroy, and present harmful antigens to T-cells;
hence, they protect the host from various infections. When
exposed to lipopolysaccharide (LPS) derived from bacteria,
however, the dendritic cells undergo an inflammatory re-
sponse via binding to toll-like receptor 4 (TLR4)/myeloid
differentiation factor-2 (MD2) complex present on the
surface of the cell.

Research undertaken by Riquelme et al. [38] showed
that CO was able to prevent LPS-mediated inflammation.
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+e expression of TLR4/MD2 on the surface of dendritic
cells was reduced upon CO treatment, whereas in the control
cells, no changes were observed. Moreover, after CO ex-
posure, mice that received LPS preserved their ability to
move with no changes in their velocity. Conversely, the
groups of mice that received LPS and were subjected to
iCORM-2 displayed a decrease in their mobility, with values
falling more than 70% compared with the values noted
before LPS exposure. LPS mice supplemented with either
iCORM-2 or CORM-2 maintained their body weight and
had an increased survival rate. However, mice treated with
iCORM-2 and then challenged with LPS experienced a de-
crease in body weight by almost 18% and had low survival
rates. Moreover, CO treatment was found to protect mice
from the toxic increase of neutrophils in blood associated
with septic inflammation. Mice treated with iCORM-2 and
then exposed to LPS demonstrated a 25-fold significant
increase in neutrophil count. +is increase in neutrophils
was not seen in LPS mice exposed with CORM-2.

On a molecular level, how do CORMs mediate in-
flammation? Research conducted by Jung et al. [103] in-
vestigated these mechanisms, and the contribution of CO
to NLRP3 (nucleotide-binding domain, leucine-rich-
containing family, pyrin domain-containing-3) inflam-
masome activation in macrophages was explored.
Inflammasomes are protein complexes in the cytosol that
cause cleavage of caspase-1, which results in the maturation
and secretion of proinflammatory cytokines, such as
interleukin-1 (IL-1) and IL-18. +is cascade of events
consequently leads to inflammation in the body. +e study
found that CO treatment inhibited the secretion of IL-1 and
IL-18 in response to LPS and ATP in macrophages by
preserving the mitochondrial membrane potential.
Moreover, mitochondrial ROS generation induced by LPS
and ATP was inhibited by CO treatment. CO also inhibited
mtDNA translocation into the cytosol, which is associated
with the obstruction of cytokine secretion. +erefore, these
findings demonstrate the ability of CO to reduce in-
flammation via negatively regulating LRP3 inflammasome
activation in macrophages.

Yeh et al. [39] have also evaluated the molecular
mechanisms of anti-inflammatory effects of CORMs. It was
hypothesized that CORMs could promote NF-κB-p65 glu-
tathionylation. When the study was conducted, however,
CORMs were found to repress TNF-α-induced monocyte
adhesion to endothelial cells and reduce the expression of
ICAM-1. Furthermore, CORMs were noted to block NF-κB-
p65 nuclear translocation. CORMs also induced Nrf2
activation and HO-1 expression, which elevated p65 glu-
tathionylation. +erefore, these findings indicate that the
glutathionylation of p65 is responsible for the NF-κB in-
activation mediated by CORMs.

A common phenomenon associated with inflammatory
diseases is excess blood clotting. +e effect of CORM-2 on
blood coagulation was investigated by testing it on the ex-
pression of TF and PAI-1 and on signaling pathways (MAPK
and NF-κB), which all stimulate thrombosis [40]. It was
demonstrated that CORM-2 subdued TNF-α-induced TF
and PAI-1 upregulation in HUVECs (human umbilical vein

endothelial cells). Moreover, CORM-2 treatment suppressed
MAPK and NF-κB signaling pathways activation by TNF-α.
Based on these results, CORM-2 supplementation was seen
to decrease blood clotting induced by inflammation.

According to Fagone et al. [41], CORMs may also pose
an effective treatment for yet another inflammatory dis-
order—uveitis, the leading cause of blindness due to an
inflammation of the eye. CORM-A1 was noted to improve
the morphology of the retina in the eye. Furthermore, rats
treated with CORM-A1 expressed lower levels of IFN-
gamma and IL-17A and increased amounts of IL-10
when compared to the non-CORM-treated uveitis-
induced mice.

An additional complication due to inflammatory dis-
eases is the onset of chronic inflammatory pain. Negrete
et al. [42] found that CORM administration reduced this
pain. When exposed to CORM-2, the inflammatory pain
symptoms induced by complete Freund’s adjuvant in mice,
which consist of mechanical allodynia and thermal hyper-
algesia, were considerably reduced. Moreover, inflammatory
pain induced enlarged NOS1 protein expression in mice.
+is upregulation was prohibited by CORM-2 treatment in
only wild-type cells; it did not decrease NOS1 levels in the
NOS2-knockout mice.

Intestinal epithelial cells (IECs) play a key role in pro-
tecting against pathogens in the intestinal tract as well as
maintaining gut barrier function. However, when inflamed,
the function of the cells is greatly reduced, making them
more vulnerable to microbes. Mu et al. have observed that
CORM-2 treatment results in an improvement of the barrier
function of IEC-6 cells [43]. In addition, the CO released
from CORM-2 inhibited the secretion of proinflammatory
cytokines (TNF-a and IL-1b) produced by LPS. One of the
underlying mechanisms of inflammation includes the in-
duction of myosin light-chain phosphorylation in the IECs.
CORM-2 suppressed this phosphorylation in the cells; taken
together, these data suggest that CORM-2 carries the ability
to restore function of the IECs in the instance of
inflammation.

Periodontal disease, yet another example of an in-
flammatory disease, has been linked to other potential
disorders, such as cardiovascular disease, diabetes, and
stroke, and a study by Choi et al. [44] has concluded that
CORM-3 possesses anti-inflammatory activity against the
periodontal-disease inducing the pathogen Prevotella
intermedia. Upon the addition of CORM-3, HO-1 expres-
sion in LPS-exposed cells was enhanced. Although
LPS-induced phosphorylation of p38 and JNK and the
degradation of IκB-α were not affected by CORM-3, nuclear
translocation of NF-κB p65 and p50 subunits was blocked by
CORM-3 in LPS-treated cells.+is result is significant due to
the activation of NF-κB being associated in inflammation
and disease. In addition, CORM-3 was noted to diminish
LPS-induced p65 and p50 binding to DNA and phos-
phorylation of STAT1.

What may be the main underlying cause of several in-
flammatory disorders? According to Patterson et al. [45],
polymorphonuclear leukocyte-derived myeloperoxidase
(MPO) is known for its direct peroxidation as well as
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generation of potent oxidizing compounds, namely hypo-
chlorous acid, which contributes to increased oxidant
damage, which in turn leads to tissue injury and in-
flammation. +ese researchers found that CORM-3 sup-
presses MPO oxidative activity. +e inactivated CORM-3
(iCORM-3) was also tested, and it showed no attenuation in
the MPO activity, suggesting that binding the released CO to
the MPO heme is crucial for its effects. When the activity of
MPO in peroxidation and halogenation was tested, CORM-3
showed an inhibitory effect in both cases. Surprisingly,
iCORM-3 also was able to decrease the chlorination activity
of MPO, but to a lesser extent when compared to active
CORM-3. +ese may be due to a CO-independent down-
stream reactivity of the iCORM metal centers with
hypochlorite.

6. Role of CORMs in Sepsis:
A Systemic Inflammation

As mentioned by Woo et al. [30], oxidative stress is believed
to contribute to tissue damage, and nitrosative stress is often
suggested to be initiated by an inflammatory cascade that
consists of acute phase protein synthesis, upregulation of
inflammatory adhesion molecules, and proinflammatory
cytokine liberation. Severe injury is concerned with lipid
peroxidation mediated by reactive oxygen species (ROS) and
NO; lipid peroxidation is known to be an essential cause of
oxidative damage to cellular membranes. In another study,
Sun et al. [46] found that upon in vivo administration of
CORM-2, the protein expression of inducible NOS and the
overabundance of NO were considerably attenuated in
thermal injury-induced septic mice. Furthermore, both the
production of ROS and NO were decreased in LPS-
stimulated HUVECs when incubated with CORM-2. In
addition, recent findings suggest that the stress-inducible
gene HO-1 is an important factor in protecting against
oxidative stress. Sun et al. have also shown that the induction
of HO-1 effectively provides protection both in vivo and in
vitro against oxidative stress. +ey found that HO-1 is
upregulated in HUVECs by LPS stimulation, and they went
further by testing it with CORM-2. +eir results indicated
that not only was LPS able to induce the expression of HO-1,
but also that an increase in HO-1 expression can be en-
hanced by CORM-2 treatment. Hence, the study concluded
that CORM-2 ultimately leads to cytoprotection and in-
hibition of oxidative stress during sepsis.

When mice were impaired with cecal ligation and
puncture (CLP), which led to systemic inflammation known
as sepsis, CO was found to increase survival via strength-
ening the processes of autophagy (degradation of harmful or
damaged intracellular contents) and phagocytosis (engulf-
ment of bacteria by cells) [48]. Treatment with CO induced
the expression of the autophagy proteins, beclin 1, Atg7, and
LC3B; CO was also observed to increase the number of
autophagosomes, the structure in which autophagy occurs,
in the lungs of mice. Further, CLP-induced Becn1+/+ mice
(mice with the eclin protein) that were then treated with CO
demonstrated increased survival compared with the room
air-exposed control mice. Next, the ability of CO to mediate

phagocytosis was assessed. It was noted that CO elevated the
phagocytic activity of bone marrow-derived macrophages
induced with LPS. +e process by which CO can increase
phagocytosis was revealed by its observed ability to induce
SLAM (a signaling molecule responsible for killing bacteria
by macrophages) mRNA expression in bone marrow de-
rived-macrophages.

An additional study that focused on the role of CO in
sepsis was undertaken by Zhang et al. [47], who discovered
that CORM-2 could protect intestinal epithelial tight
junctions when damaged with LPS in a rat CLP model.
CORM-2 improved the morphology of the intestinal mucosa
during sepsis when compared to CLP alone or treatment
with iCORM, which showed ulceration and hemorrhage on
the mucosa. Additionally, CORM-2 was seen to improve
CLP-induced, tight-junction disruption and increase the
proximity of the intercellular connection. Not only did
CORM-2 ameliorate the physical appearance of the tight
junctions, but it also raised the expressions of occludin,
claudin-1, and ZO-1 proteins; in contrast, these proteins
were observed to be reduced during sepsis. By improving the
morphology of tight junctions and increasing tight junction
protein levels, the study established that CORM-2 could
protect the LPS-induced damaged intestinal tight junctions.

A common complication induced by sepsis is known as
AKI (acute kidney injury), and, based on the results of Nagao
et al. [37], CO was found to reverse the harmful effects of
AKI. Blood urea nitrogen and serum creatinine, frequently
used markers for AKI onset, were increased following CLP-
induced sepsis. In contrast, when treated with CORM-2,
levels of these markers were decreased. Sepsis with AKI
resulted in a greater mortality, killing about 50% of the rats
within three days. However, upon CORM-2 administration,
the rats were seen to possess a higher longevity. +rough its
capability of decreasing markers for AKI onset and in-
creasing survival rates, CORM-2 can be noted to counteract
AKI-induced toxicity.

In yet another examination of the role of CO in sepsis, Liu
et al. [51] have noted that CORM-2 reversed the LPS-induced
activation of platelets. +e LPS groups had abnormal platelet
function, namely, spreading and aggregation. In the CORM-2
group, however, the platelets were only mildly activated;
CORM-2 treatment reduced spreading as well as aggregation.
To resolve whether LPS induced platelet secretion, LPS-
induced ATP release was inspected in human platelets. LPS
stimulation increased ATP release; in contrast, CORM-2
treatment decreased ATP release in response to LPS stimu-
lation. Furthermore, while the platelet membrane glycopro-
teins, GPIbα and GPVI, were upregulated in sepsis, CORM-2
decreased glycoprotein upregulation. CORM-2 treatment also
inhibited LPS-induced HS1 phosphorylation, which is also
linked to platelet activation. Furthermore, the effect of CORM
on hepatic mitochondria and abnormal glucose metabolism in
septic mice was evaluated [52]. With respect to the histo-
pathological changes of the liver, CLP-induced mice suffered
hepatocellular damage and swelling; in contrast, CLPmice that
later received CORM-2 treatment demonstrated less severe
liver damage. Hyperglycemia, a condition associated with
sepsis, is concerned with high activities of glucose metabolism.

191An Overview of the Potential Therapeutic Applications of CO-Releasing Molecules

__________________________ WORLD TECHNOLOGIES __________________________



WT

+e CLP group of mice showed an increase in the level of
hepatic glucose metabolism and GK, an enzyme involved in
the metabolism; these functions were suppressed by CORM-2
treatment. Plasma alanine transaminase (ALT) and aspartate
transaminase (AST) levels were utilized to indicate the degree
of hepatocellular damage. Although the CLP group of mice
exhibited higher activities of ALTand AST, the CLP+CORM-
2 group reduced those levels. Another indicator of sepsis, lactic
acid, was considered: the CLP and CLP+ iCORM groups had
increased levels of lactic acid, whereas the CLP+CORM group
had lower levels of the acid. +e results from the study also
indicated that CORM-2-exposed mice had higher survival
rates than the septic CLP-induced mice.

CORM-3 has also recently been reported to alleviate
myocardial dysfunction due to sepsis as well as to provide
therapeutic benefit for sepsis in lung injury [50]. In the case
of the former, CO released by CORM-3 is proposed to
inhibit the activation of the NLRP3 inflammasome in car-
diac fibroblasts preventing myocardial apoptosis. In the
latter, CORM-3 restored annexin A2 (a membrane-
associated protein involved in fibrinolysis homeostasis
which is downregulated in LPS-induced sepsis) to normal
levels when introduced intraperitoneally. While this ob-
servation was ascribed to the presence of CO, it is not
entirely conclusive since the influence of the inactivated
CORM was not investigated [49].

A substantial recruitment of polymorphonuclear (PMN)
leukocytes to the affected organs is another important
characteristic associated with severe sepsis [53]. Exposure of
the hCMEC/D3 cell line with LPS resulted in an increase in
PMN rolling and adhesion upon fluid shear stress. Treatment
of hCMEC/D3 with CORM-3 was seen to suppress both LPS-
induced PMN rolling and adhesion to hCMEC/D3. Stimu-
lation of hCMEC/D3 with LPS resulted in upregulation of cell
adhesion molecules, including eselectin, ICAM-1, and
VCAM-1 expression. Upon the addition of hCMEC/D3 with
CORM-3 but not with iCORM-3, VCAM-1 expression was
effectively reduced. However, CORM-3 expression failed to
reduce LPS-induced expression of E-selectin and ICAM-1.
Although CORM-3 was able to decrease leukocyte infiltration
and attenuate expression of some of the proteins expressed in
sepsis, it was not able to modulate them all; this indicates that
whether CORM-3 may be an effective treatment for sepsis is
questionable based on these results.

7. Obesity Affected by CORMs

Chronic obesity, identified with increased inflammation,
increases the risk of health problems such as diabetes, heart
disease, and arthriti, and the main objective of the study by
Hosick et al.co [54] was to investigate whether chronic
treatment with CORM-A1 could reverse dietary-induced
obesity, hyperglycemia, and insulin resistance. +e study
used mice that were divided into different treatment groups:
(i) a control high-fat diet group; (ii) a group receiving a fat
diet and saline intraperitoneal injection; (iii) a group ex-
posed to a fat diet and CORM-A1; and (iv) a last group with
a fat diet exposed to iCORM. CORM-A1 treatment caused
a lack of weight gain in the high-fat-induced mice over the

first 18 weeks of the study compared to other groups; over
the last 12 weeks of the study, the mice started to lose weight,
up to 33% of their initial body weight. Not only did CORM-
A1 induce fat reduction and weight loss, but it also provided
a 45% increase in lean body mass as a percent of total body
weight at 30 weeks. In addition, fasting blood glucose and
plasma insulin levels were elevated in all groups before
treatment. However, CORM-A1 treatment resulted in
a considerable reduction of hyperglycemia after 6 weeks of
treatment, which continued until the end of the study. After
30 weeks of treatment, the fasting blood glucose levels in the
CORM-A1-treated mice were 55% of those observed in the
control mice. Moreover, CORM-A1 treatment resulted in
a significant decrease in plasma insulin levels as compared to all
other groups after both 24 and 30 weeks of treatment. HMGB1
is a protein responsible for high levels of inflammation that is
linked to obesity. Following CORM-A1 treatment, HMGB1
levels were reduced in dietary-induced obese mice in com-
parison to those found for the other groups suggesting an
antiinflammatory effect induced by CORM-A1 on obesity.

Zheng et al. [55] have also studied the effect of CORM’s on
obesity. +ey discovered that obesity may be due to leptin
resistance caused by endoplasmic reticulum (ER) stress. Leptin
is a hormone that circulates in the bloodstream and serves the
function of regulating food intake and body weight. +ey
hypothesized that CO could prevent leptin resistance during
ER stress. +apsigargin or tunicamycin was used to cause ER
stress in human cells, and they were found to hinder leptin-
induced STAT3 phosphorylation, establishing that ER stress
induces leptin resistance. CORM-2 treatment of these cells
blocked the STAT3 phosphorylation and induced the phos-
phorylation of protein kinase R-like ER kinase and eukaryotic
translation initiation factor-2 during ER stress. When tested in
vivo, CO exposure reduced the body weight of animals being
fed diets high in fat. Based on the results of the two studies, it is
evident that CO does have a role in attenuating obesity.

8. Effect of CORMs on Angiogenesis,
Aggregation, and Cancer

According to Ahmad et al. [56], CORM-2 halts angiogenesis
caused by the vascular endothelial grown factor (VEGF).
When exposed to VEGF, endothelial cells experience an
increase in actin stress fiber production indicated by specific
spindle-like processes. +is production was significantly
inhibited by CORM-2, but not as much by iCORM-2.
Moreover, CORM-2 prevented VEGF-dependent endothe-
lial cell migration and proliferation. +e retinoblastoma
protein (Rb) is a tumour suppressor protein whose purpose is
to restrict the ability of the cell to progress through the cell
cycle. In this way, Rb prevents over replication in cells and
hence cancer. However, when Rb is continuously phos-
phorylated on serine residues, as is the case in VEGF, it can no
longer suppress the cell cycle and, as a result, the cell replicates
in excess. CORM-2 was noted to attenuate VEGF-induced
phosphorylation of Rb and, in this way, it was able to stop
extreme cell replication and therefore angiogenesis caused
by VEGF. Another study by Fayad-Kobeissi et al. [57] focused
on examining the biochemical and potential anticancer
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properties of CORM-401, a novel CO-releasing molecule
containing manganese in its metal center. CORM-401 was
observed to promote vasorelaxation of precontracted aortic
rings (3 times higher than that evoked by CORM-A1), and
this was enhanced in combination with H2O2. In addition,
CORM-401 was found to exhibit proangiogenic properties, as
determined by augmented gene expression of VEGF and IL-8.
Furthermore, as demonstrated by Loureiro et al. [58], folic
acid-tagged protein nanoemulsions prefer to be internalized
on the B-cell lymphoma cell line (A20 cell line).+e folic acid-
tagged protein nanoemulsions that contained CORM-2
resulted in an increased antitumor activity and increased
the survival of mice with A20 lymphoma tumours.

Pancreatic fibrosis is associated with pancreatitis and
pancreatic cancer; pancreatic stellate cells (PSCs) are mainly
responsible for the development of fibrosis [59] and, owing to
its ability to induce cell cycle arrest, CORM-2 can prevent
global protein synthesis in PSCs. PSCs were found to induce
a decrease in the amounts of both phosphorylated eEF2 and
eIF2 (components of the translational machinery) as well as
an increase in the quantities of phosphorylated eIF4E and 4E-
BP1. Exposure of CORM-2 to these cells resulted in no effect
on the phosphorylation of eIF2 or eIF4E, but rather it pre-
vented the decrease of phosphorylated eEF2 caused by the
cells and reduced the level of phosphorylated 4EBP1. Next,
CORM-2 was tested as to whether it affects translation in
PSCs. Effectively, CORM-2 treatment resulted in a 51% re-
duction in protein synthesis. +is repression led to further
testing of CORM-2 on its effect with regards to the pro-
liferation of PSCs; the levels of cyclin and phosphorylated Rb,
both of which cause proliferation, were compared.+e results
indicated that CORM-2 was able to abrogate the increase in
cyclin D1 and cyclin E and Rb phosphorylation induced by
PSCs. An important property of cancer cells is their ability to
aggregate. Integrins are cell adhesion receptors capable of
modulating rapid adhesion and deadhesion events, without
altering the number of molecules expressed. Ligand in-
teractions with integrins suggest integrin-dependent cell
adhesion, which is regulated by multiple signaling pathways
initiated by other cellular receptors. +is signaling allows for
fast leukocyte arrest on endothelium, cell migration, and
mobilization. α4β1-integrin (CD49d/CD29, Very Late
Antigen-4, VLA-4) is expressed on leukocytes, dendritic cells
as well as cancer cells. When a CORM was tested on VLA-4,
the results demonstrated that the CORM induced a rapid
decrease in the binding of the VLA-4-specific ligand [61].
Moreover, exposure to the CORM prevented VLA-4/VCAM-
1-dependent aggregation.+ese findings suggest that CORMs
seem to possess the capability to avert aggregation, a striking
feature of cancer cells.

Photochemotherapy is a promising strategy for the
treatment of several types of cancers. PhotoCORMs, which can
release CO once activated by light, as mentioned by Tinajero-
Trejo et al. [18], can be efficiently internalized in HT29 human
colon cancer cells, as demonstrated by Niesel et al. [60]. Based
on the study, no change in the number of cells was observed
with the control group nor with the cells incubated with
PhotoCORM in the dark for up to 48 hours. However, when
irradiated at 365nm for 10min in themiddle of the incubation

period, PhotoCORM treatment led to a considerable reduction
in cell biomass, whereas direct cell damage by irradiation in the
control group displayed a relatively smaller reduction.

9. Contribution of CORMs in Hemorrhagic
Shock and Postresuscitation Injuries due to
Transplantation and Surgical Operation

Hemorrhagic shock is a condition that results when an
insufficient amount of oxygen and nutrients is delivered to
the tissues and cells due to certain injuries such as to the liver
and kidney. Resuscitation, the process of correcting injuries,
can potentially result in even more trauma to the patient
(e.g., CPR can induce broken ribs) [104]. Nassour et al. [62]
have developed a surgical rat model for hemorrhagic shock
which is induced by withdrawing blood and returning it
back to the animal to maintain a relatively low blood
pressure. After the shock, mice were resuscitated with
Ringer’s lactate solution using two times the volume of
maximum shed blood. +e control group of mice had the
operation performed but did not undergo the resuscitation.
+e noncontrol group had CORM-421 intravenously ad-
ministered with the Ringer solution during the resuscitation.
Hemorrhagic shock and resuscitation (HS/R) contributed to
a reduction in normal endothelium fenestrations, rounding
of cells, and increased adherent leukocyte count in mice not
exposed to the CORM. When the CORM was delivered to
the rat, it was observed that the number of fenestrations,
cells, and adherent leukocytes was maintained owing to the
ability of the CORM to reduce the expression of HS/R-
induced cytokines. Hence, CO managed to protect against
HS/R in a rat model. In addition, when CORM-3 was ad-
ministered to HUVECs, which were subjected to 20 hours of
cold storage, an increased frequency of live cells, reduced
apoptosis, and decreased mitochondrial transmembrane
potential in HUVECs was noted [63]. +is result was in
direct contrast to the control group, which displayed an
opposite effect. Regarding the morphology of the renal
tissue, a reduction in glomerular atrophy and necrosis was
observed in the CORM-3 group versus the control group.
Furthermore, on a molecular level, CORM-3 exposure led to
a 2.1-fold upregulation in Bcl-2 gene expression, a gene
involved with regulating apoptosis. One interpretation of
this study is that CO increases the viability of cells in cold
storage for future transplantation.

In another study, CORMs were examined by Yao et al.
[64] in a rat model to determine whether they can offer
protection of the heart from postresuscitation myocardial
injury and cardiac mitochondrial dysfunction. +e rats were
induced with ventricular fibrillation and then resuscitated; it
was found that one hour following resuscitation, the mean
aortic pressure, ventricular contractility assessment, and
isovolumetric contractility values were increased in the
group exposed to low concentrations of CORM-2 compared
to the control group. In terms of the myocardium mor-
phology, 3 hours after resuscitation, the control group
displayed myocytolysis and transverse contraction bands.
Rats exposed to CORM-2 depicted less severe myocytolysis
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and relief from damaged myocardial fibers. Additionally, the
CORM-2-exposed rats showed decreased production of
cardiac mitochondrial ROS indicating that CORM-2 re-
duced oxidative stress in the resuscitated rats by uncoupling
mitochondrial respiration. However, high concentrations of
CORM-2 caused the reverse effect; here, there is increased
mitochondrial ROS generation, most likely because of its
excessive uncoupling action. Taken together, these findings
imply that CORM-2 lowers oxidative stress in the heart and
ameliorates cardiac function after hemorrhagic shock and
resuscitation.

+e bioactive properties of CORM-3 have been in-
vestigated using two models: an in vitro model of hypoxia-
reoxygenation and oxidative stress and a cardiac transplant
rejection model [65]. In the first model, it was found that
CORM-3 conserved cell viability against reoxygenation-
induced damage in a concentration-dependent manner.
+is cytoprotective effect was observed when CORM-3 was
applied to the cells either during the hypoxic event or at
reoxygenation. +e inactive compound (iCORM-3) did not
demonstrate any protection against hypoxia-reoxygenation;
this suggests that CO released from the ruthenium carbonyl
is necessary to exert the observed effect. For the second
model, CORM-3 was seen to prevent cardiac allograft re-
jection.+is was evidenced by the prolonged survival time of
hearts transplanted into rats exposed to CORM-3; all hearts
were still beating 18 days after the transplantation, whereas
the non-CORM-treated mice were subjected to rejection
within 9 days of transplantation.

Similar findings by Clark [65] and Musameh et al. [66]
have demonstrated that CORM-3 protected isolated hearts
against the combined effects of cold ischemic storage/
preservation and warm reperfusion injury when trans-
planted into mice. A higher dP/dt recovery, which represents
increased diastolic function, was seen in hearts treated
with CORM-3 when compared with iCORM-3, suggesting
that CO release is necessary for enhanced diastolic
function of the heart. After a cold storage lasting both 4
and 6 hours, the coronary flow rates were similar at both
times with CORM-3-treated hearts, whereas there was
a decrease in coronary flow when the hearts were exposed
to iCORM-3 after 6 hours when compared to the flow after
4 hours. Owing to the CORM-3-induced persistent blood
flow supplying the hearts, they survived for prolonged
times, thus demonstrating a successful transplantation in
mice.

Caumartin et al. [67] have investigated the ability of
pretreating the kidney donor with CORM-2 to prevent
ischemia—reperfusion injury in a transplant rat model. +e
histological analysis of the kidney grafts demonstrated that
CORM-2-treated kidneys had decreased damage when
compared to the control group (no CORM-2 treatment)
postoperation. Ten days after the transplantation,
infiltrated lymphocytes and tubular necrosis were observed
in the control group, whereas the CORM-2-treated rats
exhibited entirely normal histology. On day 70, CORM-2-
administered animals showed optimal renal function but an
excess accumulation of lymphocytes (indicating an infection
or inflammation) and atrophy of the glomerulus. +is

observation reveals that although CORM-2 administration
was noted to lead to a successful kidney transplantation for
the first several days, it can have negative effects over a much
longer term. Because of this result, the water-soluble
CORM-3 was tested as well. +e CORM-3-treated mice
were only followed for 3 days; at the third day of post-
transplantation, improved renal histology and function were
noted. Because CORM-3 was not tested for as long a time as
CORM-2, unfortunately, no definitive conclusion about the
benefit of CORM-3 on posttransplantation survival could be
reached.

10. Effect of CORMs in Gastric, Intestinal,
Kidney, and Liver Disorders

CORMs have been shown to improve lesions and ulcerations
found in various parts of the body, and Magierowski et al.
[68] have found that the administration of alendronate,
despite serving as an inhibitor of osteoclast-mediated bone
resorption, can result in gastrointestinal complications in-
cluding bleeding erosions. +e gastric mucosa of rats,
pretreated with alendronate, induced damage to the mucosa.
In rats preexposed to mild WRS (mild stress by water im-
mersion and restraint in cold water), administration of
alendronate produced various gastric hemorrhagic dot-like
erosions and band-like lesions. However, CORM-2 treat-
ment diminished mucosal lesions in rats preexposed to mild
WRS with subsequent alendronate administration. More-
over, administration of acetic acid to mice was seen to result
in the development of deep gastric ulceration in the ab-
domen. In contrast, mice treated with an aqueous CO gas-
saturated solution demonstrated a smaller gastric ulcer, and
their wounds were reepithelialized [105].

Excess consumption of ethanol invokes liver injuries in
biological organisms. In the study by Bakhautdin et al. [69],
the hypothesis that CORM treatment can protect ethanol-
induced liver injury was investigated. Exposure to CORM-A1
was observed to reduce hepatocyte cell death, indicated by
decreased build-up of CK18 cleavage products and lowered
RIP3 expression in hepatocytes. CORM-A1 administration
also decreased the effects of ethanol on plasma ALTand AST.
Notably, CORM-A1 had positive effects on mRNA regulation
for inflammatory mediators, as assessed by its ability to de-
crease TNFa, IL6, and CXCL10 expression. Moreover, al-
though ethanol exposure increased Ly6C+ cell count,
a marker of penetrating immune cells in liver, CORM-A1
reduced this effect. Additionally, CORM-A1 decreased the
number of inflammatory foci observed on hematoxylin and
eosin sections. +e growth of c-ketoaldehydes adducts, such
as isolevuglandins (iso[4]LGE2) adducts, in the liver suggests
oxidative stress. Ethanol supplementation increased the ac-
cumulation of iso[4]LGE2 protein adducts; however, CORM-
A1 decreased the build-up. Owing to these results, it was
deduced that CORM-A1 could prevent hepatocyte death
when the liver is compromised by an increased ethanol intake.
However, more recent work by Mangano et al. suggests that
CORM-A1 may also possibly be applied for the treatment of
autoimmune hepatitis owing to its ability to significantly
reduce mortality in a murine model of this disease [70].
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Not only does CO reduce liver damage, but it also
demonstrates protective effects against nephrotoxicity, an
adverse effect caused by the chemotherapy agent cisplatin
(CP). When confluent renal tubule epithelial cells (LLC-
PK1) were exposed to CP for a period of 16 h, an increase in
caspase-3 activity was observed [71].+is effect was followed
by cell damage—there was an increased number of cells
floating in the culture media. Upon the addition of CORM-3
at concentrations of 1–50 μM, the increase in caspase-3
activity was abolished in a concentration-dependent fash-
ion, suggesting its protective action on CP-induced cells.
When CORM-3 was added to cells in the presence of an
inhibitor of the GC pathway, the caspase-3 activity was not
suppressed. +is observation indicated that the protective
effect of CO appears to be mediated by cGMP. However,
biliverdin, which is also generated along with CO during
the degradation of heme by HO, did not have any effect on
CP-induced caspase-3 activation, demonstrating that CO
specifically is necessary to prevent the nephrotoxicity.
When tested in vivo, CP caused an increase in plasma urea
and creatinine levels. +is effect was completely prevented
by CORM-3; the plasma urea creatinine levels were re-
duced to similar ones to those for the control group. Unlike
CORM-3, iCORM-3 was unable to improve the renal
impairment caused by CP. When analyzed histologically,
the CP-treated kidneys displayed severe tissue damage that
primarily affected the tubules, whereas the glomeruli
structure was maintained. On the other hand, CORM-3
ameliorated the tubular tissue, and its appearance re-
sembled to that of the control kidneys. Furthermore, CP
exposure resulted in the apoptosis of kidney cells, whereas
addition of CORM-3, but not iCORM-3, prevented the CP-
induced apoptosis. Also, CP-treatment caused a 1.2%
weight loss in the kidney; this was counteracted by CORM-
3, but not by iCORM-3. Furthermore, recent findings have
confirmed the in vitro renoprotective effect of CORM-3 in
normal and cancerous human renal cell lines when sub-
jected to CP-induced toxicity and ischemia-reperfusion
injury [72].

Another severe condition is postoperative ileus, known
as a temporary impairment of bowel motility that can
commonly occur following a major abdominal surgery.+e
severity of postoperative ileus was noted to be reduced in
mice exposed to CORMs; this was evidenced by a partial
restoration of intestinal contractility and, hence, a less
distended bowel [73].+ree groups of mice were examined:
one group had an intestinal manipulation (IM) procedure
performed to induce the ileus, the second was a control
group (no manipulation or any CORM treatment), and the
last group was treated with CORM-3 at 3 hours and 1 hour
before the surgical procedure. An increase in leukocytes
was seen in the intestinal muscularis beginning between 3
and 6 hours in the IM mice. +e excess leukocytes were
reduced with mice that were exposed to CORM-3 prior to
the operation. Moreover, intestinal contractility was ob-
served to be restored in the CORM-treated mice. When
tested for expression levels of IL-6, monocyte chemo-
attractant protein-1, and intercellular adhesion molecule-1,
as well as inducible NOS activity, were all seen to be

decreased following CORM-3 treatment. In contrast, all
these parameters were increased with the non-CORM-
treated mice. +e IM-treated mice demonstrated higher
levels of oxidative stress when compared to the mice treated
with CORM-3, which displayed significantly reduced ox-
idative stress levels. From these results, it was concluded
that CORM-3 reversed the damaging effects due to post-
operative ileus.

11. Effect of CORMs in the Lungs

+e beneficial effect of CO on lung diseases is currently
under much debate. Although in vivo models of lung injury
induced by acid aspiration [106], aeroallergens [107],
hyperoxia [108], and mechanical stretch [109] indicated
efficacy of inhaled CO, and other studies [110, 111] did not
prove any protective impact of CO. Abid et al.[74] have
performed an experiment that proposed beneficial effects of
CO on reverse pulmonary hypertension (PH), a complica-
tion that occurs as a result of certain diseases. CORM-3
exposure was seen to prevent PH ventricular hypertrophy
and distal pulmonary artery muscularization in hypoxia-
induced mice. CORM-3 treatment also reversed PH in
smooth muscle promoter 22 serotonin transporter mice by
decreasing Ki67. Furthermore, CORM-3 increased p21
mRNA and protein levels in lungs. Taken together, the data
suggested that through its modulation of p21, CORM-3 may
serve as an effective treatment for PH. However, when
CORMs were tested under the influence of hypoxic pul-
monary vasoconstriction (HPV) using an in vitro model, it
was observed that the CORMs did not significantly diminish
HPV [75]. Furthermore, CORM administration did not
result in the inhibition of CYP, a cytochrome that regulates
HPV. When higher concentrations of CORMs were used,
irreversible pulmonary vasoconstriction resulted. However,
inhaled CO led to a decrease in HPV and CYP. +us, using
CORMs for the purpose of treating hypoxic pulmonary
vasoconstriction is not particularly effective. Nevertheless, it
is possible that the application of CORMs in vivomay lead to
different results, and they may even have inhibitory effects
on HPV.

12. Influence of CORMs on the Ocular System

+at CO is a molecule crucial to the ocular system has only
recently been noted. Low concentrations of CO can exert
helpful effects in various ocular conditions, for example, in
glaucoma [112]. Furthermore, Stagni et al. [76] have re-
ported that CORM-3 administration lowered intraocular
pressure in rabbits. A considerable decrease of intraocular
pressure was noted 30min after CORM-3 exposure for up to
24 hours. A maximum effect was observed 6 hours after
addition of a 1% dose of CORM-3; this produced a maxi-
mum drop in pressure of 12mm Hg. Also, treatment with
0.01% and 0.1% CORM-3 solutions generated IOP drops of 3
and 7mm Hg, respectively. Treatment with the inactive
form, iCORM-3, had no effect on the intraocular pressure,
suggesting that the CO released by CORM-3 is responsible
for the observed this decrease.
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13. Cardiovascular Effects of CORMs

Anderson [113] have utilized an electrocardiogram to
evaluate myocardial damage due to CO poisoning. Five of
six CO-poisoned patients were observed to have consider-
able electrocardiographic abnormalities. ST-segment and
T-wave abnormalities were detected, although atrial fibril-
lation and intraventricular block were also sometimes seen.
+e persistence of electrocardiographic abnormalities was
variable; in one patient, minor changes were observed and
then only for a few hours, whereas, in another, the changes
were more severe and persisted for more than 24 days. Some
patients had durations of electrocardiographic abnormalities
lasting up to 4 months. Myocardial injury and necrosis, focal
areas of leukocyte infiltration, and punctate hemorrhages
were seen histologically as well. Furthermore, CO exposure
of 250 ppm induced endothelium-dependent and -in-
dependent vascular relaxation abnormalities in rats; these
abnormalities were caused by a decrease in cardiac
cGMP/cAMP ratio [114]. +e anomalies in coronary vas-
cular relaxation were observed in the presence of an increase
in heart contractility and cardiac mitochondrial respiration
inhibition. It was concluded that CO promoted deformities
in coronary vascular relaxation, myocardial contractility,
and mitochondrial respiration and that these may induce
heart hypoxia. In another study by Andre et al. [115], it was
observed that chronic CO exposure reduced the contraction
of single rat ventricular myocyte due to the decrease of both
systolic Ca2+ release and myofilament Ca2+ sensitivity.
Furthermore, the velocity of both the onset and the re-
laxation of contraction was significantly reduced, and
a slowing of the Ca2+ transient decay was seen. Another
finding was that CO in high concentrations could induce
cardiac arrhythmia. Since CO had no effect on the QT in-
terval of the PQRST deflection seen in the electrocardio-
gram, its effect on prolonging the duration of the action
potential and increasing diastolic Ca2+ concentration all
together support the hypothesis that the ventricular ar-
rhythmia observed upon CO exposure is caused by an
overload of Ca2+.

From these three reports, exposure to CO results in
severe cardiac arrhythmia, decreased heart contractility, and
heart hypoxia. But when CORMs were utilized, different
effects were observed due to their low concentration and
controlled targeting in the body. For instance, a recent in-
vestigation by Segersvärd et al. has shown CORM-3 (but not
iCORM-3) improves cardiac structure and function of rats
following experimentally induced myocardial infarction
[79]. CORM-2 has also displayed cardioprotective behav-
iour. Tsai et al. [78] have demonstrated that aortic smooth
muscle cell migration induced by angiotensin II is attenu-
ated by CORM-2 through inhibition of matrix
metalloproteinases-9 expression and ROS/interleukin-6
generation. In addition, Soni et al. [77] have suggested
that CORM-2 treatment may improve the heart’s function
when it is jeopardized by doxorubicin (DXR), a commonly
used antitumor agent for heart cancer. DXR can cause
cardiotoxic effects, which can lead to cardiomyopathy and
heart failure.+emechanism of DXR-induced cardiotoxicity

has been associated with excess ROS formation, mito-
chondrial and DNA damage, and apoptosis. Chronic
treatment with CORM-2 can protect the myocardium from
DXR exposure. It was also observed that CORM-2 exerted
beneficial cardioprotective effects against DXR-induced
cardiotoxicity in vivo by means of decreasing oxidative
stress and apoptosis. Although CORM-2 may possess this
effect, it can only exert it under certain concentrations; there
is a thin line between the therapeutic benefits and toxic
effects of CORM-2, which suggests that it has a narrow
therapeutic index. However, there was no increase in the
amount of CO-Hb at higher concentrations of CORM-2,
indicating that the toxicity at higher doses of CORM-2 may
be due to somemechanism other than the increased CO-Hb.
Moreover, decreased amounts of serum creatine kinase and
lactate dehydrogenase were found for the CORM-2 +DXR-
treated groups when compared to DXR alone. Furthermore,
increased antioxidant and decreased malondialdehyde
contents were seen for the CORM-2 +DXR-treated hearts
when compared to those for DXR alone.

Finally, Abramochkin et al. [116] have evaluated the
electrophysiological effects of CORMs on murine myocar-
dium. Two effects were noted: action potential shortening in
the working myocardium and an acceleration of the sinus
rhythm. +us, an increase in heart rate was observed after
CO exposure; this property may suggest that CORMs could
have a potential use as a positive chronotropic drug.

14. Procoagulant and Anticoagulant
Effects of CORMs

Several studies have suggested that CORMs are procoagulant
agents and Nielsen et al. [80] have shown that exposure of
human plasma to CORM-2 caused an increased speed of
growth and strength of thrombi. After tissue factor acti-
vation, both CORM-2 and iCORM-2 treatment resulted in
a decrease in the time to onset of coagulation, an increase in
the velocity of clot growth and an increase in the clot
strength in all three types of plasma. Plasma exposed to
CORM-2 had a velocity of clot growth that was more than
double that of the unexposed samples; however, the samples
treated with iCORM only displayed a 50% increase. After
celite activation, CORM-2 exposure increased the velocity of
clot growth by 56% and clot strength by 57%, when com-
pared with the data for the untreated plasma samples. With
respect to the mechanism of CORM-2 enhancement of
coagulation, it appears to be due to the increased thrombin-
fibrinogen interactions and to be independent of FXIII
activation.

Whether CORM-2 could enhance plasmatic coagulation
and decrease bleeding times were assessed further in the
work conducted by Nielsen et al. [81] and Machovec et al.
[82]. Contrary to the findings in Nielsen et al.’s 2009 article
[80], there was no significant effect seen on time to maxi-
mum rate of thrombus generation induced by CORM-2 in
either study. However, the velocity of thrombus formation
and the clot strength both increased with CORM-2 ad-
ministration, in agreement with the study by Nielsen et al.
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[80]. In addition, CORM-2 treatment caused a considerable
decrease in the bleeding time values. +e results from these
studies suggest that CORM-2 has the potential to improve
hemostasis due to its ability to increase the strength of clots
and the velocity of clot formation [80–82]. More recently,
Nielsen et al. have demonstrated that CORM-2 (but not
iCORM-2) is able to attenuate snake venoms with fibrin-
ogen- or thrombin-like activity [83–86].

In addition to displaying procoagulant effects, CORMs
also possess anticoagulant properties. +rombosis, the local
blood clotting condition that leads to the obstruction of
blood flow through the circulatory system, is a major
complication in many vascular pathological conditions.
Chen et al. [87] have shown that CO, a product of the HO-1
reaction, can result in antithrombotic effects when platelet
mediated thrombus formation was inhibited in the graft.
HO-1-deficient mice were seen to result in a 0% survival rate
within 4 days due to the development of arterial thrombosis
after aortic transplantation. However, recipients that nor-
mally expressed HO-1 demonstrated 100% graft acceptance
and survival for more than 56 days. When analyzed his-
tologically, treatment with CORM-2 revealed a reduced
platelet aggregation within the graft, whereas the non-
CORM-2-treated recipients exhibited an elevated aggrega-
tion. +erefore, it appears that CO can indeed protect
against vascular arterial thrombosis in murine aortic
allotransplantation.

Another study that has illustrated the anticoagulant
impact of CORMs is that performed by Kramkowski et al. in
which they demonstrated that CORM-3 and CORM-A1
inhibit platelet aggregation in vivo [88]. When both
CORMs were administered intravenously at micromolar
concentrations, there was an inhibition of arterial thrombus
formation. +e effect of CORM-A1 is dependent on the
concentration, and this compound is more potent than
CORM-3. In comparison to CORM-A1, CORM-3 only
inhibited thrombus formation the best at the highest con-
centration (30 μmol/kg). A considerable decrease in
thrombus weight was correlated with the inhibition of
platelet aggregation only for the CORM-A1-treated group,
perhaps due to its constant and gradual mechanism of CO
release. Neither CORM-A1 nor CORM-3 had any effect on
the plasma concentration of active tissue plasminogen ac-
tivator. CORM-3, but not CORM-A1, was noted to lead to
a decrease in the concentration of fibrinogen, fibrin gen-
eration, and prolonged prothrombin time. Although both
CORMs decreased platelet accumulation in thrombus, it was
only CORM-A1 that could inhibit platelet activation to
phosphatidylserine on their surface.

15. CORM Toxicity

+e toxicity of CO is thought to primarily arise owing to
its preferential binding to Hb. +is is proposed to reduce
oxygen delivery to tissues. In general, though, any five-
coordinate ferrous heme can bind CO, and thus its toxic-
ity will be a result of the combination of these interactions.
Indeed, almost all ferrous metalloproteins are potential
substrates for CO, and thus the number of metabolic

pathways to be considered in these questions of toxicity is
enormous. However, CO in low physiological doses is
considered safe, with endogenous CO production (arising
from heme catabolism) producing CO-Hb levels of about 1%
[117, 118]. In fact, low-dose exposure via inhalation has been
reported as therapeutic for several conditions [119], al-
though the effects of chronic low-dose exposure are still
unclear [118]. High-dose CO exposure, on the other hand, is
well established as being toxic. Any CO-Hb levels in the
range 15–20% are associated with mild symptoms, including
headache and nausea, but more severe effects can be induced
at levels >20% and death can occur when levels are greater
than 60% [118, 120]. As is common with other gaseous
metabolic products such as NO or H2O, the excretion
pathway is via gas exchange in the lung. From this per-
spective, CO-Hb is an excretion transporter.

Owing to the potential toxicity of CO, CORMs have been
proposed to provide increased CO concentrations for
therapeutic purposes without generating toxic CO-Hb
levels, which would otherwise be produced through in-
halation. +is approach has largely been achieved, for ex-
ample, with CORM-2 [121] and CORM-3 [122], which
produce CO-Hb levels lower than the acceptable limits set
by the FDA (12–14%) [123]. +ere is a concern, how-
ever, regarding the cytotoxicity of CORMs themselves,
particularly of the CO-carrying scaffolds that persist after
CO release. Indeed, Seixas et al. have shown that despite the
anti-inflammatory activity of CORM-2 and CORM-3 in
reducing NO production, these CORMs induced hemag-
glutination and were hemolytic [124]. CORM-2 has also
been associated with disturbing vitamin D3 metabolism in
mice [125]. It can produce excessive eryptosis in erythro-
cytes, which may lead to pathological conditions such as
anemia [126] and it has shown significant cellular toxicity by
reducing cell viability, decreasing mitochondrial enzyme
activity, and causing necrosis in cardiomyocytes and kidney
cells [127]. Furthermore, there appears to be rather narrow
therapeutic windows for CORM-2 with regard to car-
dioprotection [77] and for CORM-2 and -3 in treating
oxidative stress and ROS production (as described above)
[64]. Of perhaps more concern are the effects of consecutive
CORM dosing. CORM-3 and other ruthenium-based
CORMs as well as a variety of chromium-, molybdenum-,
and tungsten-containing CORMs have been shown to cause
severe liver and kidney damage in rats after consecutive
exposure [128] and, as mentioned above, long-term expo-
sure of CORM-2 in mice following kidney transplant
caused lymphocyte accumulation and atrophy of the glo-
merulus [67].

A frequent test for CORM toxicity and for their CO
release physiology is the use of their expected decarbon-
ylation products (iCORMs). It is important to remember
though that these derived complexes will have metals in
lower oxidation states and thus potentially are able to bind
and perhaps activate O2. In addition, many of these centers
will have accessible redox chemistry and the potential for
their interfering with electron transfer pathways in cell
membranes or even the cytosol is thus an important
consideration.
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It is thus clear that CORM cytotoxicity is an essential
property to consider when developing these types of com-
pounds for therapeutic purposes and it is an important
growing area of study. Motterlini et al. have shown that
increasing the water solubility and controlling the rate of CO
release of several iron-containing CORMs (CORM-307,
-308, -314, and -319) can assist in limiting potential
harmful side-effects [129]. Development of compounds that
release CO in specific tissue is another approach being
considered to reduce unwanted toxicity. Such compounds
include PhotoCORMs which release CO only when irra-
diated with light [13]; enzyme triggered-CORMs which are
activated intracellularly, for example, by esterase activity
[130, 131]; and CORMs covalently attached to carriers such
as nanoparticles [132], micelles [133], or dendrimers [134].
Others have opted to circumvent possible metal-based
toxicity by developing transition metal-free CORMs such
as CORM-A1 [135]. +e continued work in this area and
rational design of CORMs, particularly with careful con-
sideration of the “drug sphere” of these molecules, are vital
to the development of safe and therapeutically useful
CORMs.

16. Summary and Future Outlook

+is overview of the recent literature on CORMs illustrates
their potential benefits for treating a wide array of diseases
and conditions (Table 1), but also highlights some important
disadvantages and limitations that need be addressed in their
continued development as possible therapeutics. Further
research into the drug sphere proposed by Romão et al. [6]
will certainly aid this goal. An additional consideration for
the future development of CORMs as therapeutic agents is
obtaining better mechanistic understanding of the modes of
action for these compounds under physiological and
pathological conditions. While in vitromeasurements of CO
release have been routinely investigated spectrophotomet-
rically, using deoxymyoglobin, they can be somewhat un-
reliable [22] and are not necessarily representative of the
biochemistry that occurs within a cellular environment.
Information obtained via direct in situ measurement of the
rates and amounts of CO released within cells are of greater
value. Recently developed CO sensors [27] are proving
promising in this regard, as are fluorescent/luminescent
CORM derivatives, which provide a means to track
CORMs and monitor their CO release [136–138]. Continued
studies on the metabolism and retention/clearance of
CORMs, as well as the cytotoxicity of these molecules and
their by-products, are also urgently needed.

One question that needs to be addressed is whether CO
or its carrier scaffolds are responsible for the observed
effects, be they beneficial or detrimental. Several in-
vestigations have made use of inactivated CORMs as
controls; however, it remains to be seen if these iCORMs
are equivalent to the by-products generated in situ fol-
lowing CO release or if they are metabolized in the same
manner. It has not yet been established whether the effect
due to a CORM is due to released CO gas, the CORM itself
or any of the intermediates, or final breakdown products

[139]. An important proviso is that even the most direct
release of CO will generate a 16-electron coordinatively
unsaturated intermediate that can engage in a wide range of
organometallic chemistry in situ. +ere is no necessary
connection between these reactive intermediates and their
ultimate decomposition products made ex vivo. A credible
attempt to address the problem of the unknown structures
of the iCORM intermediates has been recently been re-
ported by the Schatzschneider group [140]. As mentioned
earlier, the photoactivable complex, [Mn(CO)3(tpa-κ3N)]Br,
is a CORM prodrug that is stable in solution in the dark.
However, photoactivation at 365 nm leads to CO release
transfer to heme proteins, as demonstrated by the standard
myoglobin assay. Interestingly, several different iCORM in-
termediates could be detected by solution IR spectroscopy
and assigned using DFT vibrational calculations. Further
information regarding the association of CORMs (and
iCORMs) with proteins would provide important insights
into the mechanism of action or toxicity of these molecules.
Such investigations on CORM-3 have already provided evi-
dence in this regard [141]. Limiting the nonspecific in-
teractions of CORMs with proteins and tissues, however, is
a strong driving force in the development of new compounds
and this will continue to be an important avenue of research.

+ere is a need for more concrete information pertaining
to the identity of specific CO targets, their binding mech-
anism, and the subsequent effects induced by the next
generation of CORMs that lead to the observed therapeutic
benefits, such as those described for the variety of conditions
above. Many studies have implicated heme-containing
proteins (other than Hb and Mb) as targets, despite their
generally low affinity for CO [142]. +is does not preclude
their involvement, however, as molecules that enhance CO
binding affinity have been reported for mitochondrial cy-
tochrome c (naturally occurring cardiolipin) [143] and sGC
(synthetic compound YC-1) [144].+ese findings lead to the
question if CORMs (or iCORMs) themselves could be acting
as CO-binding enhancers or if there are other, as yet, un-
identified biomolecules that augment the CO-binding af-
finity of proteins. In any event, efforts to further our
understanding of the biological behaviour of CORMs will
certainly be worthwhile and important in the advancement
towards using these compounds in therapeutic applications.

Another area to be examined is the reversibility of
CORM interactions.+ere does not seem to have beenmuch
research yet on the effect of hyperoxia on CORM treatment,
that is, the exposure of tissue and organs to excess amounts
of O2. Does the introduction of O2 reverse the effect of CO
production from CORMs? +ere has been one study on the
exposure of the tricarbonyldichlororuthenium(II) dimer
(CORM-2; ≥5 μM) to erythrocytes for 24 h that significantly
increased the formation of carboxyhemoglobin, which could
be partially reversed by the introduction of O2 [126].

Finally, the latest development in CO delivery to bi-
ological systems is the new field of organic CO prodrugs. A
summary of this new area has just been published in Ac-
counts of Chemical Research in an article entitled “Strategies
Toward Organic Carbon Monoxide Prodrugs” [145]. A
specific example of this topic from the same research group

198 Bioinorganic Chemistry

__________________________ WORLD TECHNOLOGIES __________________________



WT

at Georgia State University is their study of organic CO
prodrugs activated by endogenous ROS [146]. +e absence
of a metal center from the delivery system may well prove to
be an important factor in future clinical studies in terms of
avoiding the potential toxicity of the organometallic
CORMs. Two types of CO prodrug have been developed,
which are precursors to norbornadien-7, ones that release
CO under mild conditions [145].

In conclusion, despite all the research activity focussing
on the possibility of controlling CO delivery in clinical
situations, one must be be conscious of the fact that the use
of CORMs and now organic CO prodrugs may not always be
beneficial as even such limited CO exposure may result in
damage of internal organs and possibly have serious effects
on the fetuses of pregnant women [147].
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[104] A. Bougié, A. Harrois, and J. Duranteau, “Resuscitative
strategies in traumatic hemorrhagic shock,” Annals of In-
tensive Care, vol. 3, no. 1, pp. 1–9, 2013.

[105] T. Takagi, Y. Naito, K. Uchiyama et al., “Carbon monoxide
promotes gastric wound healing in mice via the protein
kinase C pathway,” Free Radical Research, vol. 50, no. 10,
pp. 1098–1105, 2016.

[106] J. A. Nemzek, C. Fry, and O. Abatan, “Low-dose carbon
monoxide treatment attenuates early pulmonary neutrophil
recruitment after acid aspiration,” American Journal of
Physiology-Lung Cellular and Molecular Physiology, vol. 294,
no. 4, pp. L644–L653, 2008.

[107] J. T. Chapman, L. E. Otterbein, J. A. Elias, and A. M. K. Choi,
“Carbon monoxide attenuates aeroallergen-induced in-
flammation in mice,” American Journal of Physiology-Lung
Cellular and Molecular Physiology, vol. 281, no. 1,
pp. L209–L216, 2001.

[108] L. E. Otterbein, S. L. Otterbein, E. Ifedigbo et al., “MKK3
mitogen-activated protein kinase pathway mediates carbon
monoxide-induced protection against oxidant-induced lung
injury,” American Journal of Pathology, vol. 163, no. 6,
pp. 2555–2563, 2003.

[109] T. Dolinay, M. Szilasi, M. Liu, and A. M. K. Choi, “Inhaled
carbon monoxide confers antiinflammatory effects against
ventilator-induced lung injury,” American Journal of Re-
spiratory and Critical Care Medicine, vol. 170, no. 6,
pp. 613–620, 2004.

[110] A. M. Aberg, P. Abrahamsson, G. Johansson, M. Haney,
O. Winso, and J. E. Larsson, “Does carbon monoxide

treatment alter cytokine levels after endotoxin infusion in
pigs? A randomized controlled study,” Journal of In-
flammation, vol. 5, no. 1, pp. 13–21, 2008.

[111] L. A. Mitchell, M. M. Channell, C. M. Royer, S. W. Ryter,
A. M. K. Choi, and J. D. McDonald, “Evaluation of inhaled
carbon monoxide as an anti-inflammatory therapy in
a nonhuman primate model of lung inflammation,” Amer-
ican Journal of Physiology-Lung Cellular and Molecular
Physiology, vol. 299, no. 6, pp. L891–L897, 2010.

[112] C. Bucolo and F. Drago, “Carbon monoxide and the eye:
implications for glaucoma therapy,” Pharmacology and
@erapeutics, vol. 130, no. 2, pp. 191–201, 2011.

[113] R. F. Anderson, “Myocardial toxicity from carbon monoxide
poisoning,” Annals of Internal Medicine, vol. 67, no. 6,
p. 1172, 1967.

[114] R. Favory, S. Lancel, S. Tissier, D. Mathieu, B. Decoster, and
R. Nevière, “Myocardial dysfunction and potential cardiac
hypoxia in rats induced by carbon monoxide inhalation,”
American Journal of Respiratory and Critical Care Medicine,
vol. 174, no. 3, pp. 320–325, 2006.

[115] L. Andre, J. Boissière, C. Reboul et al., “Carbon monoxide
pollution promotes cardiac remodeling and ventricular ar-
rhythmia in healthy rats,” American Journal of Respiratory
and Critical Care Medicine, vol. 181, no. 6, pp. 587–595, 2010.

[116] D. V. Abramochkin, O. P. Konovalova, A. Kamkin, and
G. F. Sitdikova, “Carbon monoxide modulates electrical
activity of murine myocardium via cGMP-dependent
mechanisms,” Journal of Physiology and Biochemistry,
vol. 71, no. 1, pp. 107–119, 2015.

[117] R. D. Stewart, “+e effect of carbon monoxide on humans,”
Annual Review of Pharmacology, vol. 15, no. 1, pp. 409–423,
1975.

[118] L. W. Kao and K. A. Nañagas, “Toxicity associated with
carbon monoxide,” Clinics in Laboratory Medicine, vol. 26,
no. 1, pp. 99–125, 2006.

[119] R. Foresti, M. G. Bani-Hani, and R. Motterlini, “Use of
carbon monoxide as a therapeutic agent: promises and
challenges,” Intensive Care Medicine, vol. 34, no. 4,
pp. 649–658, 2008.

[120] National Research Council (US) Committee on Acute Ex-
posure Guideline Levels, “Carbon monoxide acute exposure
guideline levels,” in Acute Exposure Guideline Levels for
Selected Airborne Chemicals: Volume 8, pp. 49–143, National
Academies Press (US), Washington, DC, USA, 2010.

[121] K. Magierowska, M. Magierowski, M. Hubalewska-Mazgaj
et al., “Carbon monoxide (CO) released from tricarbo-
nyldichlororuthenium (II) dimer (CORM-2) in gastro-
protection against experimental ethanol-induced gastric
damage,” PLoS One, vol. 10, no. 10, Article ID e0140493,
2015.

[122] G. Wang, T. Hamid, R. J. Keith et al., “Cardioprotective and
antiapoptotic effects of heme oxygenase-1 in the failing
heart,” Circulation, vol. 121, no. 17, pp. 1912–1925, 2010.

[123] B. Wegiel, D. W. Hanto, and L. E. Otterbein, “+e social
network of carbon monoxide in medicine,” Trends in Mo-
lecular Medicine, vol. 19, no. 1, pp. 3–11, 2013.

[124] J. D. Seixas, M. F. A. Santos, A. Mukhopadhyay et al., “A
contribution to the rational design of Ru(CO)3Cl2L com-
plexes for in vivo delivery of CO,” Dalton Transactions,
vol. 44, no. 11, pp. 5058–5075, 2015.

[125] M. Feger, A. Fajol, A. Lebedeva et al., “Effect of carbon
monoxide donor CORM-2 on vitamin D3 metabolism,”
Kidney and Blood Pressure Research, vol. 37, no. 4-5,
pp. 496–505, 2013.

203An Overview of the Potential Therapeutic Applications of CO-Releasing Molecules

__________________________ WORLD TECHNOLOGIES __________________________



WT

[126] E. Lang, S. M. Qadri, K. Jilani, A. Lupescu, E. Schleicheeer,
and T. Lang, “Carbon monoxide-sensitive apoptotic death of
erythrocytes,” Basic and Clinical Pharmacology and Toxi-
cology, vol. 111, no. 5, pp. 348–355, 2012.

[127] I. C. Winburn, K. Gunatunga, R. D. McKernan, R. J. Walker,
I. A. Sammut, and J. C. Harrison, “Cell damage following
carbon monoxide releasing molecule exposure: implications
for therapeutic applications,” Basic and Clinical Pharma-
cology and Toxicology, vol. 111, no. 1, pp. 31–41, 2012.

[128] P. Wang, H. Liu, Q. Zhao et al., “Syntheses and evaluation of
drug-like properties of CO-releasing molecules containing
ruthenium and group 6 metal,” European Journal of Me-
dicinal Chemistry, vol. 74, pp. 199–215, 2014.

[129] R. Motterlini, P. Sawle, J. Hammad et al., “Vasorelaxing
effects and inhibition of nitric oxide in macrophages by new
iron-containing carbon monoxide-releasing molecules (CO-
RMs),” Pharmacological Research, vol. 68, no. 1, pp. 108–117,
2013.

[130] S. Romanski, B. Kraus, U. Schatzschneider, J. M. Neudörfl,
S. Amslinger, and H. G. Schmalz, “Acyloxybutadiene iron
tricarbonyl complexes as enzyme-triggered CO-releasing
molecules (ET-CORMs),” Angewandte Chemie In-
ternational Edition, vol. 50, no. 10, pp. 2392–2396, 2011.

[131] R. Mede, P. Hoffmann, C. Neumann et al., “Acetoxymethyl
concept for intracellular administration of carbon monoxide
with Mn(CO)3-based photoCORMs,” Chemistry-A Euro-
pean Journal, vol. 24, no. 13, pp. 3321–3329, 2018.
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A new inorganic-organic hybrid compound, [{Cu(phen)2}2(H4W12O40)], was synthesized, and its crystal structure was de-
termined. +e Keggin anion H4W12O40

4− was grafted with two coordination units {Cu(phen)2}, forming an electrically neutral
molecule. +e antibacterial activity of several polyoxometalate compounds with different anionic structures including the new
compound was studied.+e results show that the compound 1 can inhibit the growth of Enterococcus faecalis FA2 strains and that
antibacterial activity of the polyoxometalate compounds is dependent with component elements of POM but is less relative with
the anion structures.

1. Instruction

Polyoxometalates (POMs) have been shown to exhibit bi-
ological activities in vitro as well as in vivo, including an-
ticancer and antiviral [1], antibacterial [2, 3], antiprotozoal
[4, 5], and antidiabetic activities [6]. In the antibacterial
activity study of POMs, Tajima found the enhancement
of several beta-lactams antibiotics in antibacterial activity
to methicillin-resistant Staphylococcus aureus under the
synergistic action of polyoxometalates, substituted-type
POMs K7[PTi2W10O40] 6H2O, K7[BVW11O40]7H2O,
[SiFeW11O40]6/5− and [SiCoW11O40]6− and lacunary-type
POMs [XW11O39]n− (X � Si, P) and [XW9O34]n−, and pro-
posed the resistant mechanism [7–12]. Inoue et al. reported
the enhancement of antibacterial activity of beta-lactam an-
tibiotics, oxacillin, by polyoxometalates (K6[P2W1818O62]·
14H2O, K4[SiMo12O40]·3H2O, and K7[PTi2W10O40]·6H2O)
against methicillin-resistant Staphylococcus aureus (MRSA)

and vancomycin-resistant S. aureus (VRSA) and also pro-
posed a reaction mechanism [13]. Daima et al. studied syn-
ergistic antibacterial action of Ag nanoparticles and POMs
which were achieved by the physical damage to the bacterial
cells [14]. Li and his colleagues showed the short
peptides/HSiW nanofibers had antimicrobial activity to the
ubiquitous and clinically relevant bacterium Escherichia coli
[15]. In recent years, there are also many reports about the
antibacterial activity of known and new polyoxometalate
derivatives to several bacteria including Escherichia coli,
Staphylococcus aureus, Paenibacillus sp., Bacillus subtilis,
Clavibacter michiganensis, Vibrio sp., Pseudomonas putida,
Helicobacter pylori, S. typhimurium, Streptocoque B (S. aga-
lactiae), L. acidophilus, and amebas [3,16–34]. In these re-
ports, the polyoxometalate derivatives are in the form of
simple inorganic salts, inorganic-organic hybrids with various
organic groups, films, nanofibers, etc. However, the anti-
bacterial activity of these compounds is not satisfactory
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according to the reported data. Nevertheless, the emergence
of multidrug-resistant bacterial strains which was partially
due to the abuse of conventional antibiotics proved that there
is an urgent need for novel therapeutic agents. +erefore,
synthesizing and exploring new compounds with high anti-
bacterial activity are still a challenging task of chemists and
pharmacologist. To achieve this, the study on influence of the
composition and structure of compounds on antibacterial
activity is very important, which will play an instructional role
in synthesizing and exploring new compounds.

+is work is about the synthesis of a new poly-
oxometalate derivative, [Cu2(phen)4(H4W12O40)], and study
on the antibacterial activity of several polyoxometalate
compounds with different anionic structures including the
new compound.

2. Materials and Methods

2.1. Materials and General Methods. All reagents were
purchased commercially and used without further purifi-
cation. Elemental analyses (C, H, and N) were performed on
a Perkin–Elmer 2400 CHN elemental analyzer and that ofW
and Cu on an ICP–AES analyzer. +e IR spectrum was
obtained on an Magna-560 FT/IR spectrometer with KBr
pellets in the 400–4000 cm−1 region. TG analysis was carried
out on a DTG-60H thermal analyzer in flowing N2 with
a heating rate of 10°C·min−1. SEM images were recorded on
Hitachi S-3400N (Hitachi High-Technologies Europe
GmbH, Krefeld, Germany).

2.2. Synthesis. Synthesis of [Cu2(phen)4(H4W12O40)] was
modified from our previous report [35]: compound 1 was
prepared from reaction of (NH4)6(H2W12O40)·3H2O
(0.1mmol, 0.30 g), CuCl2 2H2O (2.0mmol, 0.34 g), phe-
nanthroline (0.5mmol, 0.099 g), succinic acid (0.5mmol,
0.06 g), and 12mL water. +e starting mixture was adjusted
to pH � 2.0 by the addition of hydrochloric acid, and the
mixture was stirred for 1 h under air. +e final solution was
transferred to a 25mL Teflon-lined autoclave and crystal-
lized at 160°C for 96 h. +en, the autoclave was cooled at the
rate of 10°C·h−1 to room temperature. +e resulting green
stripe crystals were filtered off, washed with distilled water,
and air-dried. Good-quality crystals were sealed for struc-
tural determination and further characterization. Elemental
analysis calcd for C48H32Cu2N2O41W12 (Mr � 3710) C 1.00,
H 12.7619, N 2.48, O 20.68, Cu 3.38, P 1.10, W 58.60 (%);
found: C 1.10, H 12.39, N 2.41, O 20.56, Cu 3.39, P 1.09, W
59.05 (%). IR(KBr pellet, cm−1): 3500, 3082, 2370, 2298,
2109, 1994, 1628, 1597, 1524, 1335, 1231, 1085, 948, 781, 750,
708, 667, 593, 530 cm−1.

Compounds 2–6 were prepared in accordance with the
methods in Refs. [36–39] and characterized by the IR
spectrograph and TGA.

2.3. X-Ray Crystallography. +e X-ray diffraction data of
compound 1 were collected on a Bruker Smart Apex II
diffractometer with graphite monochromatic Mo Kα radia-
tion (λ � 0.710 73 Å) at 293K with ω scans (Table 1).

Multiscan absorption corrections were applied. +e
structures were solved by direct methods and refined by full
matrix least-squares on F2 using the SHELXTL crystallo-
graphic software package [40]. +e positions of hydrogen
atoms on the carbon atoms were calculated theoretically.
Crystal data and structure refinements for compound 1 are
presented in Table 1. Cu-O and Cu-N bond lengths are
listed in Table 2. CCDC-1487664 for 1 contains the sup-
plementary crystallographic data for this paper. +ese data
can be obtained free of charge from +e Cambridge
Crystallographic Data Centre via http:
//www.ccdc.cam.ac.uk/data_request/cif.

2.4. Antibacterial Experiments. All the isolated bacterial
strains were achieved by colony formation on selective salt
agar plates containing 6mg/mL oxacillin. All bacterial
strains were stored at −80°C and routinely grown at 37°C.
Staphylococcus aureus (YB57), Enterococcus faecalis (FA2
and FA3), and Enterococcus faecium (SA2 and SA3) strains
were cultured in brain heart infusion (BHI) broth, while
Staphylococcus aureus (USA300), Acinetobacter baumannii
(ABC3), and Streptococcus pneumoniae (SP) were cultured
in the Luria-Bertani (LB) medium. +e polyoxometalates
were tested for their antibacterial activities against eight
different bacterial strains by the observation of the OD
value of culture media. Briefly, bacterial cells were washed
and resuspended in sterile PBS, and the colony count was
determined. +e different polyoxometalates were added to
the bacterial suspension (final concentration, 1mg/mL),
and the mixture was incubated overnight at 37°C. +e
colony count was determined again. Enzyme activity in
vitro was expressed as the CFU reduction. As a negative
control, the bacterial strains were treated with the elution
buffer under the same conditions. +e results are listed in
Table 3.

Table 1: Crystal data and structure refinements for compound 1.

Formula C48H32Cu2N8O40W12

Fw 3710
Crystal system Monoclinic
Space group P21/c
a/Ǻ 26.1828(15)
b/Ǻ 11.84219(7)
c/Ǻ 23.3996(13)
α/˚ 90.00
β/˚ 113.74(2)
c/˚ 90.00
V/Ǻ3 6641.2(7)
Z 4
Dc/g·cm−3 3.711
F(000) 6600
μ/mm−1 21.419
Rint 0.0932
Refine number of
reflns/parameters/restraints 13661/991/54

R_factor_all/[I > 2sigma(I)] 0.0871/0.0456
wR_factor_ref/[I > 2sigma(I)] 0.0857/0.0745
Goodness of fit 0.954
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2.5. Scanning Electron Microscopy. Scanning electron mi-
croscopy (SEM) was performed to assess the activity of
different polyoxometalates on the bacterial strains in vitro.
+e Staphylococcus aureus strains USA300 were grown to
the exponential growth phase (an OD 600 nm value of 0.6) in
the BHI broth at 37°C with shaking at 200 rpm. +e bacteria
were collected and washed three times (5,000 × g for 1min at
4°C) with PBS. Different formulations were separately added
to S. aureus suspensions. Bacterial lysates were harvested by
centrifugation (1,100 × g for 1min) at different time points.
+en, the bacterial lysates were fixed with glutaraldehyde
and were dehydrated and freeze-dried for SEM.

3. Results and Discussion

3.1.Crystal Structureof1. +e asymmetric unit of compound
1 consists of one Keggin anion [H4W12O40]6−, two Cu2+
ions, and four phen molecules. +e [H4W12O40]6− anion
(Figure 1) contains four edge-shared W3O13 units which
combine together through corner-shared linkage. W–O
bonds can be classified into three sets: W–Ot (terminal
oxygen atoms) with distances of 1.683(12)–1.740(12) Å,
W–Ob (bridging oxygen atoms) with distances of
1.847(12)–2.010(14) Å and W–Oc (central oxygen atoms)
with distances of 2.174(12)–2.396(13) Å. +at is, the WO6
octahedra are all distorted. +e Keggin anion acts as
a bidentate ligand bonding two Cu2+ ions (Cu1 and Cu2)
with one terminal oxygen atom and one bridge oxygen atom.
One W-Ot bond was elongated (1.740(12) Å) due to the
coordination of the terminal oxygen atom to Cu ion. Such
a POM anion is also called as decorated Keggin anion
(Figure 1), very similar to the decoration we reported
previously [35].

Two Cu2+ ions are all five-coordinated. Cu1 ion displays
in a square prism geometry, and the geometry of Cu2 ion is
better to be described as triangle bipyramid. +e donor
atoms bonding to Cu ions come from two phen molecules
with chelating coordination mode and the Keggin anion,
forming a complex fragment {Cu(phen)2}2+ (Figure 1). Cu-
O and Cu-N bond lengths are listed in Table 2. As shown in
Table 2, the long bonds belong to the atoms at axial site for
Cu1 and triangle plane for Cu2 (Figure S1), resulting from
their environment in the crystal. Devi et al. [41] had reported
a similar cluster [{Cu(phen)2}2(H2W12O40)]2 ·̶ in
[{Cu(phen)2}4{H2W12O40}] [{Cu(phen)2}2{H2W12O40}]·
3H2O, in which one Cu ion is six-coordinated, different
from that of this new compound. +e neutral molecules are
assembled into three dimensional architecture through
CH · · ·O hydrogen bonds (Table S2) and intermolecular
interaction force (Figure S2).

3.2. Characterization of 1. +e IR spectrum (Figure S3) of 1
shows the vibration absorption bands of CH bond in
3080 cm−1 and of C-C and N-C bonds of phen ring in
1614–1137 cm−1. +e vibration absorption bands of com-
pound 1 at 952, 877, 846, and 740 cm−1 should be ascribed to
the asymmetric stretching vibrations of W-Od, W-Ob-W,
and W-Oc-W bonds, respectively, consistent with that in
Ref. [42]. +e TG curve of 1 is shown in Figure S4. Com-
pound 1 is stable below 400°C and then decomposes until
600°C. +e lost weight of 20.17% is consistent with the
calculated one (20.38% for 2H2O and 4phen), confirming the
chemical formula obtained from elemental analysis and
structure analysis.

3.3.AntibacterialActivityof1–6. +ecompounds 1–6 used in
antibacterial experiments can be divided into four kinds.1 and
2 are inorganic-organic hybrids with phenanthroline, and 3 is
a mono-substituted Keggin-type compound in which Ti atom
occupies one of twelve sites. 4 is a complex of mono-lacunaria
Lindquist anion and lanthanides. 5 and 6 are complexes of
mono-lacunaria Keggin anions and lanthanides. From Table 3,
it can be seen that (1) the new compound 1 is active only to
bacterial strains FA2. (2) +e compound of molybdenum, 2,
has a wider antibacterial spectrum than that of tungsten (1, 3,
4, 5, 6). (3) +e anionic structure has less influence on an-
tibacterial activity. (4) +e compounds with cerium element
(4, 6) show better antibacterial activity than others.

SEM technique was used to explore the interaction of
polyoxometalates with the bacterial strains. SEM images
(Figure 2) show the surface morphology of Staphylococcus
aureus strains USA300 untreated (Figure 2(a)) and treated
with 3, 4, 5, and 6 (Figures 2(b)–2(e)). From Figure 2, it can
be seen that the surface morphology of Staphylococcus au-
reus strains USA300 treated with polyoxometalates
(Figures 2(b)–2(e)) has changed obviously compared with
that of untreated one (Figure 2(a)) from smooth globular
form to chapping oblate spheroid. +e degree of changes in
the surface morphology indicates the antibacterial activity of

Table 2: Cu-O and Cu-N bond lengths (Å) in 1.

Bond Length Bond Length
Cu1 N1 2.214(11) Cu2 N5 1.960(12)
Cu1 N2 1.990(10) Cu2 N9 2.038(12)
Cu1 N3 1.996(13) Cu2 N7 1.965(12)
Cu1 N4 1.991(11) Cu2 N8 2.168(12)
Cu1 O7 2.045(10) Cu2 O38 2.217(8)

Table 3: Antibacterial activities of compounds 1–6.

Type Code Compound Concentration Bacterial
strains

I

1 [{Cu(phen)2}2(H4W12O40)] 1mg/mL FA2

2 [Cu(phen)(H2O)(Mo3O10)] 1mg/mL

ABC3,
FA2,
FA3,
YB57,
USA300

II 3 K5PW11TiO40·14H2O 1mg/mL YB57,
USA300

III 4 Na7CeW10O35·26H2O 1mg/mL
SA5,

SA1, SP,
USA300

IV

5 K13[La(SiW11O39)2]·26H2O 1mg/mL YB57,
USA300

6 K13[Ce(SiW11O39)2]·
26H2O

1mg/mL
SA5,

SA1, SP,
USA300

207Synthesis and Antibacterial Activity of Polyoxometalates with Different Structures

__________________________ WORLD TECHNOLOGIES __________________________



WT
polyoxometalates. So, a sequence of the activity of poly-
oxometalates was given according to Figure 2, 4 ≈ 6 > 5 > 3.
+at is, the compounds with cerium element (4, 6) have
better antibacterial activity than others.

4. Conclusion

+e bioactivity of polyoxometalates has been known for many
years but still has large space to explore. +e results of this
work on the antibacterial activity of polyoxometalates in-
cluding the new compound show that antibacterial activity of
the compounds is more relative with their component element
than with anionic structure, which means that exploration of
antibacterial materials should focus on the choice of elements.

In this work, the compounds with Ce elements have
better antibacterial activity. So, synthesizing compounds
with other lanthanide elements and other compounds with
cerium element and examining their antibacterial activity as
well as exploring the reaction mechanism of Ce compounds
need further investigations.
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