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Preface

Chromatography is a technique that is used for the separation of a mixture. The solutes or components of a 
mixture are separated based on the relative proportion of individual solutes distributed between a moving fluid 
stream and a contiguous stationary phase. Chromatography can be analytical or preparative. Depending on the 
mode of operation, geometry of the system, phases involved and the retention mechanism, chromatography can 
be of two types- column chromatography and planar chromatography. These techniques are of immense use 
in various chemical and biological fields. This book outlines the processes and applications of chromatography 
in detail. It includes some of the vital pieces of work being conducted across the world, on various topics 
related to chromatography. It will prove to be immensely beneficial to students and researchers in this field.

After months of intensive research and writing, this book is the end result of all who devoted their time and 
efforts in the initiation and progress of this book. It will surely be a source of reference in enhancing the 
required knowledge of the new developments in the area. During the course of developing this book, certain 
measures such as accuracy, authenticity and research focused analytical studies were given preference in order 
to produce a comprehensive book in the area of study.  

This book would not have been possible without the efforts of the authors and the publisher. I extend my 
sincere thanks to them. Secondly, I express my gratitude to my family and well-wishers. And most importantly, 
I thank my students for constantly expressing their willingness and curiosity in enhancing their knowledge 
in the field, which encourages me to take up further research projects for the advancement of the area.

Editor
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Analysis of Polycyclic Aromatic Hydrocarbons in 
Ambient Aerosols by using One-Dimensional and 
Comprehensive Two-Dimensional Gas 
Chromatography Combined with Mass 
Spectrometric Method

Yun Gyong Ahn ,1 So Hyeon Jeon,1 Hyung Bae Lim,2 Na Rae Choi,3 Geum-Sook Hwang,1

Yong Pyo Kim,4 and Ji Yi Lee 3

1Western Seoul Center, Korea Basic Science Institute, Seoul 03759, Republic of Korea
2Air Quality Research Division, National Institute of Environmental Research, Incheon 22689, Republic of Korea
3Department of Environmental Science and Engineering, Ewha Womans University, Seoul 03759, Republic of Korea
4Department of Chemical Engineering and Material Science, Ewha Womans University, Seoul 03760, Republic of Korea

Correspondence should be addressed to Ji Yi Lee; yijiyi@ewha.ac.kr

Academic Editor: Federica Bianchi

Advanced separation technology paired with mass spectrometry is an ideal method for the analysis of atmospheric samples having
complex chemical compositions. Due to the huge variety of both natural and anthropogenic sources of organic compounds,
simultaneous quantification and identification of organic compounds in aerosol samples represents a demanding analytical
challenge. In this regard, comprehensive two-dimensional gas chromatography with time-of-flight mass spectrometry (GC×GC-
TOFMS) has become an effective analytical method. However, verification and validation approaches to quantify these analytes
have not been critically evaluated. We compared the performance of gas chromatography with quadrupole mass spectrometry
(GC-qMS) and GC×GC-TOFMS for quantitative analysis of eighteen target polycyclic aromatic hydrocarbons (PAHs). /e
quantitative obtained results such as limits of detection (LODs), limits of quantification (LOQs), and recoveries of target PAHs
were approximately equivalent based on both analytical methods. Furthermore, a larger number of analytes were consistently
identified from the aerosol samples by GC×GC-TOFMS compared to GC-qMS. Our findings suggest that GC×GC-TOFMS would
be widely applicable to the atmospheric and related sciences with simultaneous target and nontarget analysis in a single run.

1. Introduction

Human health research associated with polycyclic aromatic
hydrocarbons (PAHs) has raised concerns because certain
PAHs are classified as probable human carcinogens [1–4] and
have shown tumorigenic activity and endocrine disrupting
activity in mammals [5]. /e US EPA has included 16 of them
in the list of priority pollutants and has established amaximum
contaminant level of 0.2μg/L for benzo[a]pyrene in drinking
water [6]. In the European Union (EU), eight PAHs have been
identified as priority hazardous substances in the field of water

policy [7]./e EPA priority 16 PAHs and two additional PAHs
are now being monitored by European agencies, and they have
sought to quantify the individual concentrations of benzo[e]
pyrene and perylene in environmental samples [6]. PAHs are
found in ambient air in the gas phase and as sorbents to
aerosols [8]. /us, air monitoring of PAHs to quantify in-
halation exposure and to identify other organic compounds is
important for insight into photochemical reactions. /e
quantification and identification of organic compounds in air
samples is an important feature of atmospheric chemistry and
represents some demanding analytical challenges [9].

1
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For these reasons, a key issue in current analytical
methods is the ability to measure a large number of com-
pounds with quantitative analysis for target analytes.
Comprehensive two-dimensional gas chromatography
(GC×GC) coupled with mass spectrometry (MS) can screen
for nontarget compounds with fast identification of the
compounds in an entire sample [10]. /erefore, previous
studies applied GC×GC-MS for the identification of nu-
merous compounds present in air samples [11–13]. How-
ever, there are limitations on the validation of simultaneous
quantification and identification of analytes in air samples.
Correspondingly, a validation of simultaneous identification
and quantification of PAHs and other compounds in air
samples by GC×GC–MS is required. A TOF mass spec-
trometer was used to acquire sufficient data from a com-
prehensive two-dimensional chromatographic technique
that generated multiple narrow peaks from the short sec-
ondary column [14, 15]. Generally, GC coupled with
quadrupole MS (GC-qMS) in the selected ion monitoring
(SIM) mode has been used for quantitative analysis of PAHs
in air samples because of its selective detection for specific
target compounds [16, 17]. However, a GC×GC-TOFMS
validated method suitable for the quantification of target
PAHs in an aerosol sample compared with GC-qMS in the
SIM mode has not yet been reported. /e aim of this study
was to evaluate the effectiveness of GC×GC-TOFMS in the
quantitative analysis of target PAHs as well as the fast
identification of multiple compounds for aerosol samples.
/e validity of the quantitative results obtained by both
GC×GC-TOFMS and GC-qMS in the SIM mode was
demonstrated by several method performance parameters
such as linearity, accuracy, and repeatability.

2. Experimental

2.1. Air Sampling. /e total suspended particle (TSP)
samples were collected at Asan Engineering Building, Ewha
Womans University, Seoul, South Korea (37.56°N, 126.94°E,
20m above ground level), with a PUF sampler (Tisch,
TE-1000) on a quartz fiber filter (Quartz fiber filter, QFF,
Ø10.16 cm, Whatman, UK). /e sampling site is located in
the mixed resident area, commercial area, forest area, and
nearby roadside. A total of 67 filter samples were obtained
during summer (August 12–30, 2013) and winter (January
27–February 16, 2014) and day (9 a.m.∼6 p.m.) and night
(8 p.m.∼6 a.m.). Prior to sampling, the quartz fiber filters
were baked for 8 h in an electric oven at 550°C to remove
possible organic contaminants. /e sampled filters were
wrapped in aluminum foils and stored in a freezer at −20°C
until analysis.

2.2. Chemicals. All organic solvents were of GC grade and
purchased from Burdick and Jackson (Phillipsburg, NJ,
USA). Standard solutions of target PAHs (Table 1 for their
full chemical names and information) except Per and BeP
for quantitative analysis were purchased as a mixture at
a concentration of 2000 µg/mL in dichloromethane from
Supelco (Bellefonte, PA, USA). Per and BeP standards

(>99%) were purchased from Aldrich (St. Louis, MI, USA),
and a standard mixture of eighteen PAHs was prepared at
a concentration of 1000 µg/mL. Deuterium-labeled internal
standards of seven PAHs were purchased from Aldrich
(St. Louis, MI, USA) and Chiron (Trondheim, Norway) and
used for the spiking test as listed in Table 1. Working
standard solutions (0.01∼10 µg/mL) were prepared and then
stored at −20°C prior to use.

2.3. Preparation of Samples. Air sampling filters were
extracted with a mixture of dichloromethane and methanol
(3 :1, v/v) two times using an accelerated solvent extractor
(ASE) (Dionex ASE-200) at 40°C and 1700 psi for 5min.
Prior to the extraction, seven deuterated internal standards
(Nap-d8, Ace-d10, Phen-d10, Fla-d10, Chr-d12, Per-d12,
and BghiPer-d12) were spiked in the filters to compensate
for matrix effects during the extraction procedure. Extracts
were blown down to 1mL using a nitrogen evaporator
(TurboVap II, Caliper Life Sciences). GC×GC-TOFMS
analysis was carried out using an Agilent GC (Wilmington,
Delaware, USA)-Quad-jet thermal modulation Pegasus 4D
TOFMS (LECO, St. Joseph, MI, USA). /e sample was in-
jected in the splitless mode at 300°C. /e GC×GC columns
were as follows: DB-5MS (30m× 0.25mm ID, film thickness
of 0.25 μm) and 1.17m DB-17MS (0.18mm OD, 0.18 μm
film). /e operating conditions of GC-MS and GC×GC-
TOFMS are summarized in Table 2.

3. Results and Discussion

3.1. GC-qMS and GC×GC-TOFMS for Characterization of
Aerosol Samples. In most studies, separation and quantifi-
cation of PAHs in aerosol samples have been analyzed using
a conventional GC-qMS [18]. Flame ionization detection
(FID) has also been widely used for quantification as it
features a higher response to PAHs which contain only
carbon and hydrogen, while oxygenates and other species
that contain heteroatoms tend to have a lower response
factor [19]. However, this nonspecific detector may not
distinguish inferences, which include a large fraction of
aliphatic and aromatic compounds in aerosol samples from
alkylated PAH homologues. /e coupling of GC with MS is
increasingly becoming the analytical tool of choice in this
regard because of its superior selectivity and sensitivity.
Among the most common analyzers including TOF [20], ion
trap, and qMS [21, 22], qMS is the most widely adopted
technique for routine analysis of PAHs [23]. GC-qMS data
acquisition takes advantages of both a full mass scan range
(scan mode) and specific ion masses for target analytes (SIM
mode)./e sensitivity in the SIMmode is higher than that in
the scan mode of GC-qMS due to the increased dwell time
on each monitored ion for trace analysis in some matrices
such as in atmospheric aerosols [24, 25]. GC-TOFMS has
a much faster spectral acquisition rate than GC-qMS does,
which is up to 500 full mass scans per second [26]. Con-
sequently, this system is able to widen the application of
GC×GC techniques providing very narrow chromato-
graphic peaks, typically 50∼600ms at the baseline with

2 Modern Chromatography
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WTsufficient density of data points per chromatographic peak
[27]. Environmental samples are generally complex, often
with more than hundreds of compounds containing
structural isomers and homologues spread over a wide range
of concentration and volatility. Accordingly, multidimen-
sional separation is an advanced technique offering the
possibility of greatly enhanced selectivity using different
separation mechanisms for the analysis of complex envi-
ronmental samples [28–30]. In this study, a set of columns
DB-5×DB-17ms was applied to increase the resolution and
peak capacity. /e fast scanning Pegasus 4D TOFMS system
was combined to allow efficient processing of data acqui-
sition, handling, peak detection, and deconvolution. In the
one-dimensional column, a 30m-long DB-5ms (5%
diphenyl/95% dimethyl polysiloxane) stationary phase was
used to separate analytes based on volatility and combined
with a 1.17m-long DB-17ms column (50% diphenyl/50%
dimethyl polysiloxane) allowing relative polarity-based
separation. Figure 1 shows GC×GC-TOFMS chromato-
grams of aerosol samples collected at day and night during
winter in Seoul, South Korea. To compare the identification
ability of GC×GC-TOFMS with GC-qMS, analysis with GC-
qMS in the scan mode was performed. A comparison of the
one-dimensional chromatograms of the same samples ob-
tained by GC-qMS is shown in Figure 2. 2D chromatograms
enable the visual classification of chemically related com-
pounds into groups. It was rare to see that the early-eluting

Table 1: Information of target PAHs in the study.

Compound Abbreviation CAS
number

Molecular
formula MW Quantitative

ion
Qualifier

ion

Retention time

GC-qMS GC×GC-TOFMS
(min) tr1 (min) tr2 (s)

Naphthalene-d8a Nap-d8 1146-65-2 C10D8 136.2 136 137 12.25 13.40 1.34
Naphthalene Nap 91-20-3 C10H8 128.2 128 129 12.34 13.47 1.35
Acenaphthylene Acy 208-96-8 C12H8 152.2 152 153 19.08 19.56 1.55
Acenaphthene-d10a Ace-d10 15067-26-2 C12D10 164.2 162 164 19.47 20.12 1.52
Acenaphthene Ace 83-32-9 C12H10 154.2 153 154 19.61 20.28 1.52
Fluorene F 86-73-7 C13H10 166.2 166 165 21.61 22.28 1.53
Phenanthrene-d10a Phen-d10 1518-22-2 C14D10 188.2 188 189 25.91 25.96 1.68
Phenanthrene Phen 85-01-8 C14H10 178.2 178 179 26.01 26.04 1.71
Anthracene Ant 120-12-7 C14H10 178.2 178 179 26.14 26.20 1.68
Fluoranthene-d10a Fla-d10 93951-69-0 C16D10 212.2 212 213 30.99 30.68 1.84
Fluoranthene Fla 206-44-0 C16H10 202.2 202 203 31.08 30.68 1.87
Pyrene Pyr 129-00-0 C16H10 202.2 202 203 32.25 31.56 1.98
Benz[a]anthracene BaA 56-55-3 C18H12 228.2 228 226 37.20 36.28 2.21
Chrysene-d12a Chr-d12 1719-03-5 C18D12 240.3 240 236 37.42 36.28 2.27
Chrysene Chr 218-01-9 C18H12 228.3 228 226 37.54 36.44 2.26
Benzo[b]fluoranthene BbF 205-99-2 C20H12 252.3 252 253 41.55 40.12 2.76
Benzo[k]fluoranthene BkF 207-08-9 C20H12 252.3 252 253 41.65 40.28 2.74
Benzo[e]pyrene BeP 192-97-2 C20H12 252.3 252 253 42.90 41.08 3.16
Benzo[a]pyrene BaP 50-32-8 C20H12 252.3 252 253 43.09 41.24 3.23
Perylene-d12a Per-d12 1520-96-3 C20D12 264.3 264 260 43.46 41.40 3.36
Perylene Per 198-55-0 C20H12 252.3 252 253 43.57 41.48 3.47
Indeno[1,2,3-cd]
pyrene IP 193-39-5 C22H12 276.3 276 277 48.09 45.48 0.71

Dibenz[a,h]anthracene DBahAnt 53-70-3 C22H14 278.3 278 279 48.12 45.64 0.82
Benzo[ghi]
perylene-d12a

BghiPer-d12 93951-66-7 C22D12 288.3 288 284 49.92 46.52 1.54

Benzo[ghi]perylene BghiPer 191-24-2 C22H12 276.3 276 277 50.13 46.68 1.78
aInternal standard.

Table 2: GC-qMS and GC×GC-TOFMS operating conditions.

Parameters GC-qMS GC×GC-TOFMS
Injector settings
Injection volume 1 μL 1 μL
Inlet mode Splitless Splitless
Carrier gas He (99.999%) He (99.999%)
Carrier gas flow 1.0mL·min−1 1.3mL·min−1

Inlet temperature 280°C 300°C
GC oven temperature
Initial temperature 1min at 60°C 1min at 60°C
First rate 6°C/min to 310°C 6°C/min to 300°C
Isothermal pause 15min at 310°C 15min at 300°C

2nd oven temperature
offset —

5°C, relative
to the 2nd oven
temperature

Modulator

Modulator temperature
offset —

15°C, relative
to the 2nd

oven temperature
Modulator period — 4.00 s
Hot pulse time — 1.00 s
Cool time between stages — 1.40 s
MS
Mass range 40∼550 40∼550
Electron energy 70 eV 70 eV
Ion source temperature 230°C 230°C

3Analysis of Polycyclic Aromatic Hydrocarbons in Ambient Aerosols by using One-Dimensional...
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analytes have an extreme volatility in the chromatogram,
as shown in Figure 2. Because of the large losses of these
analytes during sample extraction and concentration,
particle-associated semivolatile analytes were mainly de-
tected and classi�ed according to their aromatic and ali-
phatic hydrocarbon groups.

Meanwhile, analytes from the GC-qMS chromatogram
were separated based on their vapor pressures or boiling
points. �e GC×GC technique is rather well suited for group
separations, and classifying compounds into chemical-related

groups could be useful for source identi�cation of atmo-
spheric aerosols by means of the large amount of chemical
data handling. �e combined use with TOFMS provides
rapid and reliable identi�cation of analytes using their
deconvoluted pure mass spectra. �e major limitation of
qMS is its limited scan rate; therefore, quanti�cation and
identi�cation is seriously compromised because of the mass
spectral skew due to the variations in ion abundances at
di�erent regions of a chromatographic peak [31, 32]. �e
numbers of identi�ed chromatographic peaks analyzed by
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Figure 1: GC×GC-TOFMS plots of aerosol samples collected during day (a) and night (b) of winter in Seoul, Korea. A total of 251 and 297
peaks were identi�ed in aerosol samples collected during day (a) and night (b), respectively. Aromatic and aliphatic classes were drawn to
divide two regions for ease of viewing.
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WTGC-qMS using the same signal threshold setting from the
aerosol samples collected at day and night were 35 and 64,
respectively. In the case of results obtained by GC×GC-
TOFMS, 251 and 297 peaks from the day- and night-time
aerosol samples were, respectively, assigned by individual
spectral deconvolution. As a result, phthalic anhydride and
1,2-naphthalic anhydride as the markers of secondary for-
mation for gas-phase PAH reactions were identi�ed in the
aerosol sample, as shown in Figure 3. Since the products
formed through photochemical reactions are often more
toxic than their parent PAHs in atmosphere [17], sig-
ni�cant e�orts have been expended to identify the pho-
tochemical products with PAHs in the �elds of
atmospheric or environmental sciences. In the case of
results obtained using GC-qMS, phthalic anhydride and
1,2-naphthalic anhydride were not detected in the same
sample. Limitations of one-dimensional separation have
been reported for these photochemical products and
complex mixtures of the aerosol sample because of their
diverse polarities in a single run [33, 34]. Contrastively,
two anhydrides associated with secondary organic aerosol
formation were clearly separated and detected by GC×GC-
TOFMS. �erefore, it showed advantages for nontarget
screening to identify molecular markers or chemical
patterns more representative of the aerosol state observed
in ambient air.

3.2. Validation of GC-qMS and GC×GC-TOFMS for Quan-
ti�cation of PAHs. GC-qMS and GC×GC-TOFMS were
tested individually in order to evaluate their analytical
performances. �e calibration linearity (regression co-
e�cient, R2) and relative response factor (RRF) are pre-
sented in Table 3. �e RRF is the ratio between a signal
produced by an individual native analyte and the corre-
sponding isotopically labeled analogue of the analyte (as an
internal standard). For calculating RRF, 2 ng of each target
PAH and each corresponding deuterated internal standard
was spiked, and the relative sensitivity in both the methods
was compared. Despite the high-speed scanning perfor-
mance of GC×GC-TOFMS, the RRFs obtained by this
method were approximately equivalent to those obtained by
GC-qMS. RRF expresses the sensitivity of a detector for
a given substance relative to a standard substance [35, 36].
�us, it indicated that the sensitivity of GC×GC-TOFMS
relative to target PAHs is comparable in quantitative
analysis. Calibration curves were generated using the peak
area for the 18 PAHs at seven concentrations ranging from
0.01 to 10 μg/mL. �e linearity was assessed by calculating
the regression equation and the correlation coe�cient by the
least squares method, as shown in Table 3. �e R2 values
were greater than 0.999 for GC-qMS and 0.99 for GC×GC-
TOFMS. Although data processing for quanti�cation by
GC×GC-TOFMS was derived from the combined peak areas
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Figure 2: Total ion chromatograms of aerosol samples collected in day (a) and night (b) of winter in Seoul, Korea, obtained by GC-qMS. A
total of 35 and 64 peaks were identi�ed in aerosol samples collected during day (a) and night (b), respectively. �e analytes were separated
based on their boiling points.
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for the slices of modulated peaks in contrast to production of
the single measured peak by GC-qMS, the results meet the
criteria for acceptable linearity within this calibration range.

Naturally, the development of quantitative GC×GC studies
based on the quantitative results associated with sophisti-
cated implementation for modulated peaks has been delayed

Table 3: Relative response factors (RRFs) and calibrations of 18 PAHs obtained by the compared methods.

Compound
GC-qMS GC×GC-TOFMS

RRFa Slope Intercept R2 RRF Slope Intercept R2

Nap 1.04 0.515 −0.003 0.9999 1.69 0.560 0.049 0.9971
Acy 1.57 0.808 −0.004 1.0000 1.95 1.026 −0.012 0.9999
Ace 1.03 0.439 0.009 0.9999 1.16 0.553 −0.006 0.9994
F 1.29 0.667 −0.006 1.0000 1.11 0.609 −0.021 0.9997
Phe 1.17 0.572 −0.004 0.9998 1.47 0.763 −0.039 0.9979
Ant 0.98 0.547 −0.017 0.9992 0.93 0.431 −0.010 0.9982
Fla 1.30 0.678 −0.001 1.0000 1.43 0.802 −0.021 0.9995
Pyr 1.31 0.686 −0.004 0.9999 1.62 0.910 −0.055 0.9972
BaA 0.98 0.575 −0.019 0.9997 1.42 0.574 −0.004 0.9998
Chr 1.06 0.563 −0.003 1.0000 1.26 0.651 −0.005 0.9998
BbF 0.99 0.535 −0.008 0.9999 1.69 0.848 −0.028 0.9993
BkF 1.11 0.576 −0.011 0.9998 0.88 0.327 −0.012 0.9977
BeP 0.91 0.455 −0.007 0.9996 0.90 0.530 −0.014 0.9997
BaP 0.88 0.505 −0.014 0.9997 0.83 0.477 −0.030 0.9985
Per 0.89 0.475 −0.008 0.9998 1.11 0.521 -0.023 0.9979
IP 1.37 0.717 −0.023 0.9995 1.25 0.660 -0.062 0.9922
DBahAnt 1.24 0.629 −0.019 0.9996 1.16 0.490 -0.074 0.9898
BghiPer 1.24 0.594 −0.010 1.000 1.53 0.710 -0.036 0.9991
aRRF expresses the sensitivity of a detector for a given analyte relative to its corresponding deuterated internal standards; RRF � (AxCis)/(AisCx), where Ax is
the peak area of a quantifying ion for a given analyte being measured; Ais is the peak area of a quantifying ion for its corresponding internal standard; Cx is the
concentration of a given analyte; and Cis is the concentration of its corresponding internal standard.
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Figure 3: GC×GC chromatograms and mass spectrums of phthalic anhydride (marked as green) and 1,2-naphthalic anhydride (marked as
yellow) in the aerosol sample. GC×GC chromatograms of phthalic anhydride and 1,2-naphthalic anhydride were certi�ed by molecular ions
of m/z 148 and 198, respectively.
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WTcompared with qualitative reports. Recently, the approach to
quantifying multiple analytes at once with comprehensive
two-dimensional GC has been extensively studied in ac-
cordance with the improvement of data processing for the
integration of modulated peaks [37, 38]. In this study, the
modulated peaks of each PAH was automatically combined
and integrated by the ChromaTOF software based on
a similarity of spectra within an allowable time difference
between the second dimension peaks in the neighboring
slices of the chromatogram. Recovery test was performed by
spiking known amounts of the 18 PAH compounds in
a prebaked clean filter at a final concentration of 2 μg/mL
and analyses of each through all the experiment procedures
were compared using the two different methods. Six du-
plicate tests were performed, and the results of the recovery
are shown in Table 4. /e average recoveries were in the
range of 90.3 to 158% with relative standard deviations
(RSDs) ranging from 3.9 to 28% for GC-qMS, while the
recoveries were from 86.3 to 135% for GC×GC-TOFMS,
with RSDs ranging from 5.7 to 45%. Most of the targeted
PAH compounds were afforded acceptable recoveries, ex-
cluding F and Nap by using the two analytical methods due
to the high volatility of these compounds. Compared with
the reproducibility as expressed in %RSDs, the values ob-
tained by GC-qMS were slightly lower than those obtained
by GC×GC-TOFMS; however, the %RSD values of the
targeted PAHs excluding F and Nap were acceptable (<20%
RSD). /ese observations may vary for the versatile GC×GC
technique, since the reproducibility of the modulation phase
is dependent on the type of modulator, the stability of the
stationary phases, and the chemistry of the analyte, re-
garding interaction with the stationary phase as presented in
several prior studies [39, 40]. /e LOD and LOQ were
determined based on the standard deviation (SD) of the
intersection of the analytical curve (s) and the slope of the

curve (S) as LOD� 3.3× (s/S) and LOQ� 10× (s/S). /e
LOD and LOQ for each PAH compound obtained from both
the methods are shown in Table 4./e LOD and LOQ values
of the 18 PAH compounds obtained by GC-qMS were
similar to the results of previous studies [10, 41, 42]. /us,
the suitability of GC×GC-TOFMS for quantification of
PAHs was proven by comparing the results with those
obtained using GC-qMS.

4. Conclusion

A fast scanning GC×GC-TOFMS was compared to a GC-qMS
for the determination of PAHs in aerosol samples. For sep-
aration, identification, and characterization, GC×GC-TOFMS
was advantageous over GC-qMS owing to the increased peak
capacity, and its results showed enhanced detectability and
structured chromatograms for nontarget analysis. /e quali-
tative mass separation by TOFMS combined with an auto-
mated peak-finding capability provided the resolution of
complex mixed mass spectra, resulting from overlapping
chromatographic peaks and spectral deconvolution of indi-
vidual mass spectra for unknown analytes. Furthermore, the
obtained quantitative results such as LODs, LOQs, and re-
coveries of the 18 target PAHs were approximately equivalent
for both the analytical methods. /us, GC×GC-TOFMS had
advantages for the simultaneous quantification and qualifi-
cation of PAHs and other organic compounds in a single run.
Because of its high degree of separation and capability of
spectral deconvolution of overlapping peaks in highly complex
samples, comprehensive GC×GC-TOFMS may become
a useful platform in many other fields of research.
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Table 4: Limits of detection and quantification and recoveries of 18 PAHs obtained by the compared methods.

Compound
LODa (ng) LOQb (ng) Recovery±RSD (%)

GC-qMS GC×GC-TOFMS GC-qMS GC×GC-TOFMS GC-qMS GC×GC-TOFMS
Nap 0.07 0.40 0.21 1.19 94.4± 4.2 135± 45
Acy 0.17 0.07 0.51 0.22 119± 12 116± 15
Ace 0.05 0.17 0.16 0.52 105± 5.3 105± 7.8
F 0.04 0.15 0.13 0.44 158± 28 130± 29
Phe 0.10 0.34 0.31 1.03 94.5± 5.3 86.3± 16
Ant 0.19 0.31 0.58 0.92 90.4± 4.6 95.1± 20
Fla 0.05 0.14 0.16 0.41 90.3± 3.9 105± 13
Pyr 0.08 0.36 0.25 1.09 97.4± 5.3 97.2± 13
BaA 0.12 0.09 0.37 0.27 93.4± 4.9 86.9± 8.2
Chr 0.04 0.08 0.13 0.24 95.8± 5.8 101± 16
BbF 0.05 0.18 0.15 0.53 96.1± 5.7 92.3± 10
BkF 0.09 0.35 0.28 1.05 94.2± 6.5 105± 12
BeP 0.13 0.13 0.40 0.38 92.6± 5.8 92.7± 5.7
BaP 0.12 0.24 0.37 0.72 93.6± 5.3 104± 9.0
Per 0.11 0.34 0.32 1.02 93.0± 5.5 92.5± 8.6
IP 0.15 0.65 0.16 1.94 95.0± 5.4 93.9± 8.5
DBahAnt 0.13 1.05 0.40 3.14 94.9± 5.5 95.8± 5.7
BghiPer 0.09 0.22 0.27 0.66 94.6± 6.0 87.0± 8.5
aLOD, smallest amount of analyte that is statistically different from the blank; bLOQ, smallest amount of analyte that can be measured with reasonable
accuracy.
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A valid and encyclopaedic evaluation method for assessing the quality of Sanhuang Gypsum Soup (SGS) has been set up based on
analysis of high-performance liquid chromatography (HPLC) fingerprint combined with the quantitative analysis of multi-
components by single marker (QAMS) method, hierarchical cluster analysis (HCA), and similarity analysis. 20 peaks of the
common model were obtained and used for the similarity analysis and HCA analysis. Berberine was selected as an internal
reference, and the relative correction factors of mangiferin, geniposide, liquiritin, epiberberine, coptisine, baicalin, palmatine,
harpagosid, wogonoside, cinnamic acid, cinnamic aldehyde, baicalein, glycyrrhizic acid, and wogonin were established. +e
accuracy of quantitative analysis of multicomponents by the single-marker method was verified by comparing the contents of the
fourteen components calculated by the external standard method with those of the quantitative analysis of multicomponents by
the single-marker method. No significant difference was found in the quantitative results of the established quantitative analysis of
multicomponents by a single-marker method and an external standard method. In summary, these methods were applied to
evaluate the quality of SGS successfully. As a result, these evaluation methods have great potential to be widely used in the quality
control of traditional Chinese medicines (TCM).

1. Introduction

Perspiration is a considerable physiological phenomenon to
maintain and control body temperature. Excessive sweat
secretion can cause armpit moisture, resulting in unpleasant
body odour, embarrassment, and inconvenience [1, 2].
Hyperhidrosis is an excessive sweating disease which can
bring severe psychological burden and affect the quality of
life of patients negatively. +ere are a variety of medical
treatments and surgery for treating primary hyperhidrosis.
However, the side effects of these drugs include thirst, dry
eyes, dizziness, drowsiness, constipation, and urinary re-
tention, which limit the scope of their use. Surgical treatment
is mainly applied to patients who are not suitable for the
abovementioned methods. Surgery is more traumatized and
risky than other treatments. +erefore, surgical operation
should be as a second or third option [3]. +ere is still
a paucity of effective nonsurgical therapies. With the de-
velopment of modern society, the elimination of body odour

is given more and more people’s attention; this article is
about introducing Sanhuang gypsum soup (SGS) which is
a significant antiperspirant. +rough the use of classical
Chinese medicine SGS to regulate the internal environment
of the human body, it achieves a good antiperspirant effect
with small side and remarkable effects, which make up for
deficiency of some medicine and surgery. Every year, more
than ten thousands of patients have benefited from SGS by
reducing excessive perspiration symptoms. SGS is a hospital
preparation of Jiangsu Provincial Hospital of Traditional
Chinese Medicine, which consists of coptidis rhizoma,
phellodendri chinensis cortex, scutellariae radix, scrophu-
lariae radix, anemarrhenae rhizome, gardeniae fructus,
cinnamomi cortex, glycyrrhizae radix et rhizoma preparata
cum melle, and gypsum fibrosum. +ese herbs can be used
for treating and could exhibit action on excessive perspi-
ration through anti-inflammatory and antipyretic proper-
ties. Studies have shown that SGS has many chemical
constituents such as mangiferin, geniposide, coptisine,

2

__________________________ WORLD TECHNOLOGIES __________________________

mailto:liuzh1008@126.com
http://orcid.org/0000-0002-8292-9440
http://orcid.org/0000-0002-6965-2862
http://orcid.org/0000-0001-6794-2623
http://orcid.org/0000-0002-1471-718X
https://doi.org/10.1155/2018/5890973


WT

wogonin, wogonoside, baicalein, baicalinin, and cinnamic
aldehyde [4–13] in accordance with herbs and preparations
known to be beneficial for the treatment of excessive per-
spiration through anti-inflammatory properties and so on.

Although the SGS is prepared as a prescription with the
combination of these herbs in well-defined formulae, no
standard quality control method for this product has been
reported up to now. Since the effect of SGSmight result from
the synergy of multiple components, a reliable, sensitive, and
uncomplicated quantitative method based on the diverse
constituents is need to be developed.

Our findings have established an HPLC method to
evaluate the quality of SGS comprehensively. Due to the
variety of components of traditional Chinese medicine
preparations, any one of the active ingredients cannot reflect
the overall curative effect of traditional Chinese medicine.
+erefore, a comprehensive macroscopic analysis will be-
come an inevitable trend. Chromatographic fingerprint
analysis with integrated, macroscopic, and “fuzzy” nonlinear
characteristics is more adapted to the traditional Chinese
medicine theory needs. Under the premise of efficacy,
toxicology, and clinical trials which have confirmed safety
and efficacy of preparation, we can not only verify the au-
thenticity of the preparation but also determine whether the
stability of the quality exists or not along with a practical
fingerprint. Unlike the content determination, the finger-
print can provide more informative and useful message than
the determination of any single component. +e US Food
and Drug Administration (FDA) allows applicants to pro-
vide product chromatographic fingerprinting information in
the phytomedical guidance (Draft for Comment). British
Herbal Codex, Ayurvedic Codex, the Canadian Society of
Medicinal and Aromatic Plants [14], and the German So-
ciety of Medicinal Plants [15] also accept chromatographic
fingerprint. One of the first measures that China’s State Drug
Administration has taken to strengthen the supervision of
traditional Chinese medicine injections requires the research
on the fingerprint of injections, which has taken into account
its necessity and feasibility. It is accepted that preparation of
acceptable quality can be exerted on its drug efficacy, what
really matters is establishing an accurate and easy method.

Previously, our laboratory has researched on the fin-
gerprints of the existing preparations which have been
applied in the control of preparation quality. Also, to make
up for the limitations of fingerprint that cannot be quantified
accurately, a QAMS method using berberine as the standard
was developed and validated for the simultaneous quanti-
tative of 14 components [16]. +is strategy can not only
reduce the cost of the experiment and time of detection but
also be independent of the availability of all the target in-
gredients [15]. To our knowledge, quality control of herb
extracts and botanical ingredient by QAMS have been in-
cluded both inUSP 33-NF and inCh.P.2010 edition (volume I).
Our results showed that no significant difference was found
in the results between our established QAMS method and
the external standard method. No one has yet studied the
fingerprints of SGS; this article first established the SGS
fingerprinting method and also used the QAMS method to
measure the preparation of 14 kinds of pharmacodynamics

components. +is method could potentially be applied for
the identification of qualitative and quantitative quality of
SGS.

+is HPLC fingerprint method, therefore, provides
a comprehensive platform for quality evaluation of SGS with
more chemical information. +e combination of HCA and
similarity analysis presents the differences and similarities of
the HPLC fingerprints. In themeantime, QAMSmethod was
adopted to quantify the main active components by com-
paring with the external standard method (ESM) in all the
SGS samples. Our findings offer a new routine for assessing
the quality of TCM.

2. Materials and Methods

2.1. Chemicals and Reagents. Analysis was applied on three
different HPLC systems, including (a) Agilent 1100 series
with vacuum degasser (G1322A), quaternary pump
(G1311A), autosampler (G1316A), and a ChemStation
Workstation with VWD detector; (b) Agilent 1260 series
with DAD detector and Agilent ChemStationWorkstation;
and (c) Waters 2695-2996 series with 2998PDA detector
and empower workstation. +e chromatographic separa-
tion was performed on an AmethyC18 (4.6mm × 250mm,
5 μm) column, Agilent C18 (4.6mm × 250mm, 5 μm) col-
umn, and HedraC18 (4.6mm × 250mm, 5 μm) column.

+e SPSS software (Edition 2.0) was used for conducting
cluster analysis.

BP-211D electronic analytical balance (Germany Sar-
torius Company) was used to weigh the drugs. Sonicator
(SK6200H, Shanghai Branch guided ultrasound instrument
Co., Ltd.) was used to help dissolve the sample.

2.2. Materials. +e batch numbers and origins of eight
qualified Chinese herbal pieces of decoction are shown in
Table 1. All pieces were purchased from Anhui Concord
Pharmaceutical Pieces Co., Ltd. and identified by Professor
Zhihui Liu of Nanjing University of Traditional Chinese
Medicine.

Fifteen batches of Sanhuang Gypsum Soup were pro-
vided by the Department of Pharmacy of Jiangsu Provincial
Hospital. +eir batch numbers were S1 (1707010), S2
(1704006), S3 (1712019), S4 (1711016), S5 (1704005), S6
(1703004), S7 (1711013), S8 (1711017), S9 (1705007), S10
(1704003), S11 (1704002), S12 (1704001), and S13 (1702015).
Each single piece preparations and its negative preparations
are made by our laboratory as per the preparation standard
process.

2.3. Chemical Reagents and Standards. Mangiferin, geni-
poside, liquiritin, epiberberine, coptisine, baicalin, palma-
tine, berberine, harpagosid, wogonoside, cinnamic acid,
cinnamic aldehyde, baicalein, glycyrrhizic acid, and wogo-
nin were all supplied by Chengdu Mansi Biotechnology Co.,
Ltd. +e purity of each ingredient was greater than 98% as
determined by HPLC. Acetonitrile of HPLC grade and
formic acid of analytical grade were purchased from
Merck (Darmstadt, Germany) and Roe Scientific Inc. (USA).
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WTA Milli-Q water (Millipore, Inc., USA) purification system
was applied to purify water for the HPLC analysis.

2.4. Preparation of the Sample Solution. +e sample solution
of SGS was precisely absorbed (5ml) and immersed in 25mL
volumetric flask with methanol. Additional methanol was
added to compensate the weight loss after ultrasonic ex-
traction for 30min. All solutions were filtered through
0.45 μm filter membranes before being injected into the
HPLC system precisely.

2.5. Reference Solution Preparation. A mixed stock solution
containing reference standards was prepared by dissolving
weighed samples of each compound in methanol accurately.
+en, the stock solutions were diluted to establish the
calibration curves based on six appropriate concentrations
with the ranges of 2.80–88.70 μg·ml−1 for mangiferin,
14.80–472.90 μg·ml−1 for geniposide, 3.20–101.00 μg·ml−1
for liquiritin, 1.40–44.30 μg·ml−1 for epiberberine, 6.40–
204.10μg·ml−1 for coptisine, 19.80–632.50μg·ml−1 for baicalin,
1.80–56.80 μg·ml−1 for palmatine, 15.30–488.40 μg·ml−1 for
berberine, 2.60–82.60 μg·ml−1 for harpagosid, 4.60–
145.82μg·ml−1 for wogonoside, 0.30–9.51μg·ml−1 for cinnamic
acid, 0.20–6.34 μg·ml−1 for cinnamic aldehyde, 0.50–
15.85μg·ml−1 for baicalein, 1.10–34.00 μg·ml−1 for glycyrrhizic
acid, and 0.30–9.51μg·ml−1 for wogonin.

2.6. Chromatographic Procedures. Analytes were separated
on a reverse phase C18 column (Amethyl-ODS-2 C18 col-
umn, 250mm∗ 4.6mm∗ 5 μm).

Mobile phase consists of 0.1% phosphoric acid (A)-
acetonitrile (B), gradient elution program was as follows:
0∼2min, 12%B; 2∼7min, 12%∼20%B; 7∼17min, 20%∼25%B;
17∼25min, 25%∼32% B; 25∼32min, 32%∼35% B; 32∼45min,
35%∼44%B; 45∼50min, 44%∼45%B; 50∼55min, 45%∼50%B;

55∼56min, 50%B; 56∼61min, 12% B. Flow rate: 0.8mL·min−1;
column temperature: 35°C; injection volume: 10μL; UV de-
tection wavelength: 250nm. On the basis of chromatographic
conditions, all the components had good resolution.

2.7. Data Analysis. +e data were analyzed and evaluated by
Similarity Evaluation System for chromatographic finger-
print of TCM (Version 2004 A) which was recommended by
the SFDA of China for evaluating similarities of chro-
matographic profiles of TCM. +e similarity among dif-
ferent chromatograms was determined by calculating the
correlative coefficient or cosine value of the vectorial angle
[17–19]. HCA was carried out by calculating Squared Eu-
clidean distance to distinguish preparation of different
batches using SPSS. At the same time, we used the external
standardmethod (ESM) andQAMS to calculate the 15 active
components in 13 batches of SGS, respectively, to verify the
feasibility of QAMS.

3. Results and Discussion

3.1. Chromatograph Optimization. At present, there are no
single liquid phase conditions that can divide 15 compo-
nents of SGS with good resolution. As the ingredients of SGS
are very intricate, it is critical to establish a favorable mobile
phase system, gradient elution system, and detection
wavelength to obtain efficient separation of the numerous
target components. +e suitable ingredient of the HPLC
method was investigated by checking peak resolution and
the peak purity of SGS. In this case, some different mobile
phases were tested which were acetonitrile-water, methanol-
water, methanol-water containing phosphoric acid or formic
acid at different concentrations, acetonitrile-water with
acetic acid, formic acid, and phosphoric acid at different
concentrations. Experimental results show that acetonitrile-
water containing 0.2% phosphoric acid system produced

Table 1: Species and geographical locations of eight Chinese herbal pieces in SGS.

Botanical name Family Collection site Coordinates Voucher ID

Coptis chinensis Franch. Ranunculaceae Sichuan N30°15′49.6902″
S102°48′19.71″ 16121204

Phellodendron chinense Schneid. Rutaceae Sichuan N30°15′49.6902″
S102°48′19.71″ 1508120316060500

Scutellaria baicalensis Georgi Labidae Heilongjiang N47°7′17.9292″
S128°44′17.6316″ 160401

Scrophularia ningpoensis Hemsl. Scrophulariaceae Yunnan N24°28′31.0254″
S101°20′35.1816″ 16060501

Anemarrhena asphodeloides Bge. Liliaceae Jiangsu N33°8′24.6186″
S119°47′20.13″ 16032208

Gardenia jasminoides Ellis Rubiaceae Jiangxi N27°5′14.841″
S114°54′15.1956″ 16122107

Cinnamomum cassia Presl. Aceraceae Sichuan N30° 15′ 49.6902″
S102° 48′ 19.71″ 16112519

Glycyrrhiza uralensis Fisch. Legume Neimenggu N43°22′41.5914″
S115°3′34.1316″ 16021710

Gypsum fibrosum Monoclinic crystal system Hunan N27°37′31.0794″
S111°51′24.6924″ 16120420
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Figure 1: Continued.
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Figure 1: (a) Mixed standard solution, (b) negative sample without coptidis rhizoma, (c) negative sample without scrophulariae radix,
(d) negative sample without anemarrhenae rhizome, (e) negative sample without gardeniae fructus, (f ) negative sample without coptidis
rhizoma and phellodendri chinensis cortex, (g) negative sample without glycyrrhizae radix et rhizoma preparata cum melle, (h) negative
sample without cinnamomi cortex, (i) negative sample without phellodendri chinensis cortex, (j) negative sample without scutellariae radix,
and (k) SGS sample. 1, mangiferin; 2, geniposide; 3, liquiritin; 4, epiberberine; 5, coptisine; 6, baicalin; 7, palmatine; 8, berberine; 9,
harpagosid; 10, wogonoside; 10, cinnamic acid; 11, cinnamic aldehyde; 12, baicalein; 13, glycyrrhizic acid; and 14, wogonin.

Table 2: Standard curves of �fteen kinds of reference components.

Compounds Regression equations Linear ranges (μg·mL−1) R2

Mangiferin y� 29.897x+ 30.359 2.80–88.70 0.9998
Geniposide y� 11.306x− 40.123 14.80–472.90 0.9997
Liquiritin y� 6.9865x− 5.2633 3.20–101.00 1.0000
Epiberberine y� 23.477x− 12.998 1.40–44.30 0.9998
Coptisine y� 11.677x− 31.945 6.40–204.10 0.9998
Baicalin y� 17.312x− 189.17 19.80–632.50 0.9999
Palmatine y� 39.570x− 21.105 1.80–56.80 0.9999
Berberine y� 38.357x+ 108.6 15.30–488.40 0.9999
Harpagosid y� 9.5715x+ 8.4144 2.60–82.60 0.9998
Wogonoside y� 16.462x+ 11.105 4.60–145.82 0.9999
Cinnamic acid y� 32.7x+ 0.4639 0.30–9.51 0.9998
Cinnamic aldehyde y� 15.523x− 0.1567 0.20–6.34 0.9998
Baicalein y� 25.996x+ 3.789 0.50–15.85 0.9998
Glycyrrhizic acid y� 7.5138x+ 1.333 1.10–34.00 0.9999
Wogonin y� 21.652x+ 0.8509 0.30–9.51 1.0000

Table 3: �e results of recovery of �fteen components in samples (n � 6).

Compound Original (mg) Added amount (mg) Detected amount (mg) Recovery (%) RSD (%)
Mangiferin 0.0241 0.0241 0.0478 93.96 1.18
Geniposide 0.1036 0.1036 0.2032 99.58 2.60
Liquiritin 0.0198 0.0198 0.0380 96.11 3.42
Epiberberine 0.0073 0.0073 0.0142 103.46 3.61
Coptisine 0.0223 0.0223 0.0438 110.19 3.16
Baicalin 0.1226 0.1226 0.2139 81.82 2.61
Palmatine 0.0104 0.0104 0.0200 97.21 2.28
Berberine 0.0748 0.0748 0.1539 101.87 5.31
Harpagosid 0.0212 0.0212 0.0433 100.01 3.56
Wogonoside 0.0307 0.0307 0.0620 99.81 3.33
Cinnamic acid 0.0023 0.0023 0.0048 111.45 2.38
Cinnamic aldehyde 0.0023 0.0023 0.0040 70.08 5.00
Baicalein 0.0048 0.0048 0.0095 79.84 3.73
Glycyrrhizic acid 0.0079 0.0079 0.0155 94.08 2.52
Wogonin 0.0028 0.0028 0.0056 98.34 4.19
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Figure 2: Antithesis �ngerprint chromatogram of SGS.
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Figure 3: Fingerprint chromatograms of 13 batches of SGS.

Table 4: Similarities of 13 batches SGS.

S1 S2 S3 S4 S5 S6 S7 S8 S9 S10 S11 S12 S13 R
S1 1 0.984 0.984 0.982 0.989 0.981 0.991 0.99 0.978 0.984 0.982 0.987 0.978 0.994
S2 0.984 1 0.975 0.978 0.985 0.986 0.985 0.995 0.997 0.987 0.979 0.973 0.994 0.994
S3 0.984 0.975 1 0.991 0.987 0.978 0.974 0.974 0.964 0.983 0.995 0.995 0.959 0.991
S4 0.982 0.978 0.991 1 0.991 0.99 0.98 0.975 0.972 0.99 0.987 0.988 0.96 0.992
S5 0.989 0.985 0.987 0.991 1 0.985 0.992 0.989 0.98 0.985 0.988 0.988 0.975 0.996
S6 0.981 0.986 0.978 0.99 0.985 1 0.983 0.982 0.985 0.993 0.972 0.972 0.974 0.992
S7 0.991 0.985 0.974 0.98 0.992 0.983 1 0.992 0.983 0.98 0.975 0.979 0.983 0.992
S8 0.99 0.995 0.974 0.975 0.989 0.982 0.992 1 0.994 0.982 0.977 0.975 0.993 0.994
S9 0.978 0.997 0.964 0.972 0.98 0.985 0.983 0.994 1 0.985 0.969 0.963 0.994 0.989
S10 0.984 0.987 0.983 0.99 0.985 0.993 0.98 0.982 0.985 1 0.977 0.977 0.973 0.993
S11 0.982 0.979 0.995 0.987 0.988 0.972 0.975 0.977 0.969 0.977 1 0.994 0.966 0.99
S12 0.987 0.973 0.995 0.988 0.988 0.972 0.979 0.975 0.963 0.977 0.994 1 0.962 0.99
S13 0.978 0.994 0.959 0.96 0.975 0.974 0.983 0.993 0.994 0.973 0.966 0.962 1 0.985
R 0.994 0.994 0.991 0.992 0.996 0.992 0.992 0.994 0.989 0.993 0.99 0.99 0.985 1
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WT
sharp and symmetrical chromatographic peak shapes, good
separation, and prevented the peak tailing. Chromatogram
with the maximum number of peaks also relies on best
conditions for preparation of sample solution. On the basis
of the investigation of di�erent solvent and ultrasonic time,
it can be concluded that samples are dissolved in methanol
and ultrasound 30 minutes; we can get better resolution and
reproducibility of �ngerprint chromatograms under the
conditions of Section 2.6. Under the above chromatographic
conditions, all the components were well separated (Figure 1).

3.2. Method Validation

3.2.1. Linearity. A mixed solution containing all the refer-
ence substances were prepared and diluted in series with

methanol to obtain six di�erent concentrations. �e dif-
ferent concentration of the mixed solution was used for
constructing the reference curve. As shown in Table 2, good
calibration curves of 15 compounds were obtained, and high
correlation coe¢cient values (R2> 0.999) were shown with
good linearity at a wide range relatively. In response to
sample concentration, the peak area of the analyte is de-
termined by least squares linear regression to obtain a linear
equation.

3.2.2. Precision, Stability, Repeatability, and Recovery.
�e same mixed standard solution of 10 µl was injected for
six consecutive times under chromatographic conditions,
and their RSDs were calculated. �e RSD of mangiferin,
geniposide, liquiritin, epiberberine, coptisine, baicalin,
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Figure 4: Comparison of single TCM pieces and SGS sample.
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palmatine, berberine, harpagosid, wogonoside, cinnamic
acid, cinnamic aldehyde, baicalein, glycyrrhizic acid, and
wogonin was 1.94%, 0.72%, 0.88%, 0.54%, 0.62%, 0.97%,
0.93%, 1.35%, 0.98%, 1.33%, 0.67%, 1.40%, 1.08%, 0.96%,
and 1.49% which indicated that the developed method had
a good precision.

�e stability of the sample solutions was analyzed at 0, 2,
4, 8, 12, and 24 h at room temperature. It was found that the
sample solutions were stable within 24 h (RSD≤ 5.0%).

To con�rm the repeatability of the method, six in-
dependently prepared solutions from the same batch were
analyzed. �e RSD values of the peak area was 0.37%, 0.31%,
1.52%, 0.72%, 1.00%, 0.20%, 0.71%, 0.18%, 0.88%, 0.50%,
3.02%, 3.65%, 2.30%, 1.68%, and 3.23%, respectively. �e
results indicated the method is reproducible.

�e recovery was performed by adding a known amount
of individual standards into a certain amount of the SGS
sample.�emixture was extracted and analyzed by using the
method mentioned above. �e average recoveries of 6
samples are shown in Table 3. �e results show that the
method is accurate. �e recoveries of the 15 compounds
which are shown in Table 3 ranged from 70.08% to 111.45%
with RSDs≤ 5.0%.

3.3. HPLC Fingerprint and Similarity Analysis. �irteen
batches of samples were prepared according to Section 2.5,
and 10 μL was injected into the HPLC system according to
the chromatographic conditions given under Section 2.6,
and then the chromatograms were recorded and entered into
the similarity analysis software. We selected S (1) as the
reference chromatogram, the utilization of the average
correlation coe¢cient method of 13 batches of samples for
multipoint correction, time window width is set to 0.5, while
the establishment of a common model is to generate
a control �ngerprinting SGS, the antithesis �ngerprint
chromatogram was shown in Figure 2. Fingerprint chro-
matograms of 13 batches of SGS can be seen in Figure 3. As
compared with the reference �ngerprint chromatograms,
the similarities of 13 batches of samples shown in Table 4,
and the results are all above 0.95. On the basis of these
results, we concluded that SGS between di�erent batches are

of good consistency and in line with the relevant re-
quirements of the �ngerprints. Palmatine is the main active
ingredient of coptidis rhizoma; the corresponding peaks
have favorable resolution, and the retention time is stable
and moderate. �erefore, we selected palmatine (no. 11
peak) as the reference peak and calculated the relative re-
tention time of the other common peaks. We can see that the
retention time of the common peak is stable. According to
the retention time of each �ngerprint, a total of 20 common
peaks were identi�ed while 14 of them were determined.
However, it should be pointed out that the chemical
property of cinnamic aldehyde is very unstable due to its
alkene structure of the molecule which has poor stability
when exposed to light and oxygen, so it is not within the
category of the common peaks [20]. �is can be in ac-
cordance with S11 without the peak of cinnamic aldehyde.
To gain better understanding of ascription of common
peaks, reference standards and single TCM pieces were
used.�e peaks 2, 3, 6, 8, 9, 10, 11, 12, 13, 16, 17, 18, 19, and
20 were identi�ed as mangiferin, geniposide, liquiritin,
epiberberine, coptisine, baicalin, palmatine, berberine,
harpagosid, wogonoside, cinnamic acid, cinnamic alde-
hyde, baicalein, glycyrrhizic acid, and wogonin, re-
spectively (Figure 4). �e peak 1 belongs to phellodendri
chinensis cortex. �e peak 4 belongs to both phellodendri
chinensis cortex and coptidis rhizoma.�e peaks 5, 14, and
15 belong to scutellariae radix. �e peak 7 belongs to
scrophulariae radix.

3.4. Hierarchical Cluster Analysis. �e 13 ∗ 20 matrices were
obtained from 20 common peak areas of �ngerprints of 13
batches of SGS. �e cluster analysis was performed by using
spss 2.0 software. �e Euclidean distance was chosen as the
measure of the distance between groups. �e results are
shown in Figure 5. S3, S4, S5, and S12 batches of samples are
divided into a category; the remaining batches are divided
into another classi�cation, which indicates that there are
di�erences in the content of the components in the samples
prepared from di�erent raw material TCM pieces. And it
suggested that HCAwas a valid method for the identi�cation
of the source of TCM pieces.
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3.5. Quantitative Analysis of Multicomponents by a Single
Marker (QAMS). It is well established that many variations
of experimental conditions, such as concentrations of
standard, detector, and peak measurement parameters,
would extremely influence the RCFs. Accordingly, the ac-
curacy of RCFs may affect the final analysis results. Nev-
ertheless, RCFs, which was calculated by linear-regression
equation in the experiment, was considered to be accurate
and stable [21, 22]. +e RCFs were calculated using the
calibration curves as follows:

FK/S �
ak

as
. (1)

+e content of the measured component was calculated
as follows:

Ck �
AK

AS ∗FK/S( 
. (2)

as is the ratio of the slope of internal standard reference
calibration equations; ak is the ratio of the slope of measured
component calibration equations; AK is the peak area of the
measured component; AS is the peak area of the internal
standard reference.

We investigated the influence of different instruments
and different columns on the RCF values, and results are
shown in Table 5 which illustrated RCF values had good
repeatability on different chromatographic systems and
different columns.

In this paper, we selected cheap, readily available, and
chemically stable berberine as an internal reference
standard for the quantitative determination of other
active components. In addition to that, berberine is the
main active ingredient of phellodendri chinensis cortex
and coptidis rhizoma, so this study eventually takes it as
an internal reference standard. +e relative retention
time has been used to locate target chromatographic
peaks.

tk /s �
tk

ts
, (3)

where ts is the retention time of internal standard reference
and tk is the retention time of measured component.

+e internal reference is berberine; the relative re-
tentions between the other target peaks and berberine were
obtained in different columns and HPLC instruments. Re-
sults are shown in Table 6. +e results showed that their
RSDs≤ 5% and no interference with other components; the
relative retention time can be applied to locate the peak
component of the analytes.

We measured the multicomponent content of 13 batches
SGS (Figure 6); the results showed that there were significant
differences in some contents of 15 ingredients, such as
cinnamic aldehyde and baicalein, which indicated that only
a few ingredients of the standard determination of content
could not control the quality of SGS effectively. It is nec-
essary to use multiple active ingredients as index compo-
nents to control the quality of TCM preparations more
comprehensively.

To validate the difference between ESM and QAMS
method using RCFs, 13 SGS samples were analyzed for their
active ingredients. +e calculated results are shown in Ta-
ble 7. Standard method difference (SMD) is calculated
according to the following equation:

SMD �
CES −CQAMS 

CES
∗100%, (4)

where CES and CQAMS represent the concentrations of an
analyte assayed by the external standard method and QAMS
method, respectively [23]. All the values of standard de-
viation (SMD< 0.05) revealed that there were no significant
differences between ESM and QAMS methods of all SGS
samples.

4. Conclusion

On the basis of these results, we concluded that HPLC
fingerprint method based on chemical constituents profiling
was an effective and stable tool, and QAMS method was
feasible to quantify the active compounds by RCFs for
evaluating the quality of SGS. Along with similarity analysis
and HCA of synthesis, the quality of SGS would be evaluated
and better identified comprehensively. +is method could
potentially be applied in the quality control of TCM.
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*e occurrence of antibiotics in the environment from discharges of wastewater treatment plants (WWTPs) and from the land
application of antibiotic-laden manure from animal agriculture is a critical global issue because these residues have been as-
sociated with the increased emergence of antibiotic resistance in the environment. In addition, other classes of pharmaceuticals
and personal care products (PPCPs) have been found in effluents of municipal WWTPs, many of which persist in the receiving
environments. Analysis of antibiotics by liquid chromatography-tandem mass spectrometry (LC-MS/MS) in samples from
different countries presents unique challenges that should be considered, from ion suppression due to matrix effects, to lack of
available stable isotopically labeled standards for accurate quantification. Understanding the caveats of LC-MS/MS is important
for assessing samples with varying matrix complexity. Ion ratios between quantifying and qualifying ions have been used for
quality assurance purposes; however, there is limited information regarding the significance of setting criteria for acceptable
variabilities in their values in the literature. Upon investigation of 30 pharmaceuticals inWWTP influent and effluent samples, and
in receiving surface water samples downstream and upstream of the WWTP, it was found that ion ratios have higher variabilities
at lower concentrations in highly complex matrices, and the extent of variability may be exacerbated by the physicochemical
properties of the analytes. In setting the acceptable ion ratio criterion, the overall mean, which was obtained by taking the average
of the ion ratios at all concentrations (1.56 to 100 ppb), was used. *en, for many of the target analytes included in this study, the
tolerance range was set at 40% for WWTP influent samples and 30% for WWTP effluent, upstream, and downstream samples. A
separate tolerance range of 80% was set for tetracyclines and quinolones, which showed higher variations in the ion ratios
compared to the other analytes.

1. Introduction

In recent years, studies have reported the occurrence of
pharmaceuticals and personal care products (PPCPs), in-
cluding antibiotics and selective serotonin reuptake in-
hibitors (SSRIs), in the environment [1–6]. *ese drugs are
being released through different routes, such as discharges
from wastewater treatment plant (WWTP) effluents to
surface water, where hospitals and private households
contribute a large volume of antibiotics and other phar-
maceuticals [2, 7–9]. *e presence of PPCPs in effluents of

WWTPs in different geographical regions has been docu-
mented, with concentrations reported as high as about
125 µg/L [10]. In Germany, the environmental concentration
in municipal sewage that comes from the discharge of an-
tibiotics from hospitals and households is predicted to be
about 71mg/L annually [9]. *e presence of high levels of
pharmaceuticals in the environment has a wide range of
ecological effects; for instance, antibiotics may contribute to
the development of antibiotic resistance in bacteria due to
selective pressure, which is a threat to global health
[9, 11, 12].
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Analysis of PPCPs in environmental samples is typically
performed using liquid chromatography-tandem mass
spectrometry (LC-MS/MS) to quantify pharmaceutical
concentrations based on triple quadrupole MS [3, 6, 13]. *e
high selectivity and sensitivity obtained using triple quad-
rupole MS is achieved when performing selected reaction
monitoring (SRM), where a precursor ion is isolated from
the first quadrupole and fragmented in the collision cell,
followed by isolating selected product ions in the third
quadrupole. However, despite this high selectivity, there is
still a possibility that a compound other than the target
analyte will produce a signal that has a similar m/z value to
either the qualifying ion or the quantifying ion at the same
retention time [14], resulting in a significant deviation in the
expected ion ratio for the selected fragment ions being
monitored by the two SRM transitions.

In order to confirm the presence of a compound, the
chromatographic peak must have both the quantitative and
qualitative ion transitions with retention times matching those
of the standard analyte. In addition, the ion ratio of the two
SRM transitions has been used as an additional confirmation
criterion, as stated in some legal documents from different
organizations such as the European Union (EU) and the US
Food and Drug Administration (US FDA), which provide
guidelines for the analysis of official samples [15–19]. Having
this additional criterion is important since LC-MS/MS has now
become the mandatory technique for the analysis of official
samples that are used for establishing legal policies [15–19].
Monitoring the ion ratios will provide improved confidence in
reporting analyte concentrations, avoiding false positives and
false negatives, which have been reported in the literature [14].

Different legal guidelines are currently available from
the United Nations (UN), the EU, and the United States of
America (USA). *e UN set the ion ratio tolerance to be
±20% [16] for the testing of illicit drugs in seized materials
and biological specimens. *e European Commission
Decision (2002/657/EC) requires a tolerance of ±20% to
±50% for the ion ratio, depending on the ion intensities
[17], for analytical methods that are used for the testing of
official samples in control laboratories. *e European
Workplace Drug Testing Society sets it at ±20% [19]. *e
US Department of Agriculture requires a ±20% tolerance
in the ratio of the ion transitions [18], while the US FDA
sets an ion ratio tolerance of ±20% and ±30% if 2 and 3
diagnostic ions are being monitored, respectively [15]. *e
weakness of these guidelines, however, is that they are not
based on experimental data and are arbitrarily assigned.

Recent studies [20, 21] have been published on per-
formance criteria for the analyses of pesticides in fruits and
vegetables and veterinary drugs in biological matrices. For
pesticides, a tolerance range of ±20% was established for all
compounds at all concentrations, except when one or both
product ions have an S/N of 3–15, in which case, a range of
±45%was set. For veterinary drugs, a fixed tolerance range of
±50% for all the compounds at all concentrations was set
after evaluation of the ion ratios in different matrices such as
muscle, urine, milk, and liver [20, 21]. However, these
tolerance values cannot be used for PPCPs because the
variability of ion ratios differs per compound and the nature

of the sample matrix. *is variability is due to differences in
the ionization behavior of analytes and the extent of matrix
effects. It is not unexpected to observe different effects on the
ion ratios of the analytes in wastewater and surface water
matrices because the composition of the interferences in
environmental samples is different relative to biological
samples.

Establishing performance criteria is important because it
minimizes the occurrence of false-positive and false-negative
detections. In fact, a doubling of false-positive detections was
reported without the application of the ion ratio criterion in
the analysis of veterinary drugs in the muscle, urine, milk,
and liver [14]. Most published and existing methods do not
mention the use of any ion ratio criteria [3, 6, 13]. In the US
Environmental Protection Agency (EPA) Method 1694 for
the determination of PPCPs in environmental samples by
LC-MS/MS, the presence of a compound in a sample extract
is confirmed when the signal-to-noise ratio (S/N) of the
fragment ion of the compound is greater than or equal to 2.5
and its retention time is within ±15 seconds of the cali-
bration verification standard. If these criteria are not met,
then an experienced analyst must confirm the presence or
absence of a compound [22]. Additionally, in the EPA
Method 542, which is for the analysis of PPCPs in drinking
water, the acceptable retention time window for the com-
pounds in a sample is within 3 standard deviations for
a series of injections. Quality control for this method in-
volves the confirmation of the presence of the quantifying
ion of the internal standard and requires that it must be
within ±50% of the average area measured in the initial
calibration [23]. No criteria regarding the ion ratios have
been mentioned in both EPA methods. *e absence of
quality control measures in published methods may be due
to the lack of suitable guidelines in the literature. In order to
determine an appropriate tolerance value for the ion ratios,
variabilities resulting from the physicochemical nature of the
analytes should be investigated at high and low concen-
trations. *e variability in the signal intensities of the
qualifier ions is expected to be more significant than that of
the quantifier ions because of the relatively lower signals for
the qualifier ions.

*e aim of this study is to validate and provide guidelines
on the use of ion ratios as a criterion for quality control in
reporting concentrations of PPCPs in wastewater and sur-
face water samples with varying complexity. To achieve this
goal, the ion ratios of 30 PPCPs in different matrices were
determined at different concentrations in order to determine
a tolerance value that is sufficient to eliminate false positives
and false negatives. *e matrices studied were WWTP in-
fluent and effluent samples and surface water samples from
upstream and downstream of the WWTP discharge point
collected from the US, Sweden, Switzerland, Hong Kong,
and the Philippines, allowing the set tolerance levels to be
robust, given that the composition of water samples varies
significantly in different parts of the world. *e data ob-
tained from these analyses were the basis for the con-
struction of a more accurate and reliable ion ratio criterion
which takes into account the differences in the properties of
compounds at different concentrations.
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2. Materials and Methods

Acetaminophen (ACT), acetylsulfamethoxazole (ASMX), azi-
thromycin (AZI), caffeine (CAF), carbamazepine (CBZ),
clarithromycin (CLA), enrofloxacin (ENRO), erythromycin
(ERY), iopamidol (IOPA), norfloxacin (NOR), oxytetracycline
(OTC), sarafloxacin (SARA), sulfachloropyridazine (SCP),
sulfadiazine (SPD), sulfadimethoxine (SDM), sulfamerazine
(SMR), sulfameter (SMT), sulfamethazine (SMZ), sulfame-
thizole (SMI), sulfamethoxazole (SMX), tetracycline (TC), and
trimethoprim (TMP) were purchased from Sigma-Aldrich.
Ciprofloxacin (CIP) and diclofenac (DIC) were obtained
from Cambridge Isotope Laboratories, Inc. (Tewksbury, MA).
Sulfathiazole was purchased from ICN Biomedicals, Inc.
(Irvine, CA). Carbamazepine-d10 (d10-CBZ) was purchased
from CDN Isotopes (Quebec, Canada). Chlortetracycline
(CTC)was obtained fromAcrosOrganics (VWR International,
Westchester, PA). Paroxetine maleate (PRX) and venlafaxine
(VEN) were obtained from Cerilliant (Sigma-Aldrich, St Louis,
MO). *e Barnstead NANOpure™ DIamond (Waltham, MA)
purification system was used to obtain 18.2MΩ water. LC-MS
grade methanol and acetonitrile were obtained from EMD
Millipore Corporation (Billerica, MA), and formic acid (88%)
was purchased from Fisher Chemical (Pittsburgh, PA). Oasis™
HLB solid-phase extraction (SPE) cartridges were purchased
from Waters (Milford, MA).

2.1. Sample Preparation. Wastewater and surface water
samples (0.5 L) were collected in amber glass bottles which
were pre-rinsed with 10% nitric acid. *e samples were
acidified to about pH 2.5 using 40% phosphoric acid and
then passed through 0.45 µm glass microfiber filters to
remove microorganisms and particulate matter. *en, 2mL
of Na2EDTA (5% w/v in water) was added to each sample.
*e samples were then spiked with surrogate standards
(50 µL of 1000 µg/L surrogate mix solution).

*e samples were passed through Oasis HLB SPE car-
tridges (500mg, 6 cc) for cleanup and concentration. *e SPE
cartridges were first conditioned with 6mL acetonitrile, fol-
lowed by 6mL NANOpure water, before the water samples
were loaded at a rate of approximately 3–5mL/min. After
loading, the cartridges were dried by keeping them on the SPE
manifold with the vacuum on. *en, the SPE cartridges were
wrapped in aluminum foil, stored in Ziploc® bags, and shipped
with ice to the University at Buffalo for elution and LC-MS/MS
analysis. Once received, the samples were eluted using 8mL of
acetonitrile and then dried under N2 gas at 35°C. *e samples
were then spiked with 100ppb of the internal standard,
carbamazepine-d10, in order to account for possible differ-
ences inmeasurements in-between injections due to variations
caused by the instrument.

2.2. LC-MS/MS Analysis. A Waters Cortecs™ C18+ column
(Milford, MA) with dimensions 2.1× 150mm and 2.7 µm
particle size was used for the separation of the 30 PPCPs.
Analysis was performed using an Agilent 1200 LC system
(Palo Alto, CA) and a *ermo Scientific TSQ Quantum
Ultra triple quadrupole MS (Waltham, MA) equipped with

a heated electrospray ionization (HESI) probe, operated
under positive ionization mode. Timed-SRM mode transi-
tion was performed, and the SRM transitions used for the
compounds are shown in Table S1.

*e mobile phase used for the separation consisted of
aqueous 0.3% formic acid (A), and 75% methanol and 25%
acetonitrile (B). *e gradient began with 90% A and 10% B
for three minutes and is ramped up linearly to 100% B for
22min; this condition was kept for 5min before it was
switched back to 90% A, where it was maintained for 14min
to allow for column equilibration. *e flow rate was set at
0.2mL/min, and the total run time was 45min.

*e spray setting used for the MS was as follows: spray
voltage 3000V, ion sweep gas pressure 0 arbitrary units, va-
porizer temperature 350°C, sheath gas pressure 40 arbitrary
units (N2), auxiliary gas pressure 35 arbitrary units (N2),
capillary temperature 325°C, collision gas pressure 1.5mTorr
(Ar), cycle time 0.300 s, and Q1 peak width 0.70 FWHM.

2.3. Design of the Study

2.3.1. Assessment of Ion Ratio Behavior of PPCPs across
Varying Concentrations. A total of 30 PPCPs were studied

Table 1: Target pharmaceuticals used for establishing the ion ratio
criterion.

Class Compound
Antibiotics

Macrolides
Anhydroerythromycin

Azithromycin
Clarithromycin

Quinolones

Ciprofloxacin
Enrofloxacin
Norfloxacin
Sarafloxacin

Sulfonamides

Acetylsulfamethoxazole
Sulfachloropyridazine

Sulfadiazine
Sulfadimethoxine
Sulfamerazine
Sulfamethazine
Sulfamethizole

Sulfamethoxazole
Sulfamethoxydiazine

Sulfathiazole

Tetracyclines
Chlortetracycline
Oxytetracycline
Tetracycline

Other PPCPs
Acetaminophen

Caffeine
Carbamazepine
Diclofenac
Iopamidol

Trimethoprim
Bupropion
Paroxetine
Sertraline
Venlafaxine
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for the development of an ion ratio criterion (Table 1). A
mixture of all the native PPCP standards was prepared using
the starting mobile phase of the LC-MS/MS method as the
solvent. An initial solution of 100 ppb (µg/L) was made, and
then it was serially diluted to obtain mixtures with con-
centrations of 50, 25, 12.5, 6.25, 3.13, and 1.56 ppb. �ese
standards were analyzed by LC-MS/MS, with nine replicates
for each concentration, to obtain the areas of both the
quantifying and qualifying ions. �e ion ratios were cal-
culated by dividing the area of the quantifying ion by the
area of the qualifying ion for each analyte. �e average ion
ratio and the deviations from the average value for the ion
ratios were calculated at all concentrations for each
compound.

2.3.2. Assessment of Ion Ratio Behavior of Pharmaceuticals in
the Matrix. Samples from WWTP in�uents and e�uents
and from receiving surface waters upstream and down-
stream of the WWTPs were collected from selected sites in
�ve countries: Central, Hong Kong; Manila, Philippines;
Vastergotland, Sweden; Zurich, Switzerland; and Virginia,
US. �e samples from the Philippines were collected in
December 2016, while the others were collected in June or
July 2016. �e exact names and locations of the WWTPs
cannot be disclosed as part of the agreement with the
WWTP operations. A total of 19 samples were each spiked
with 1.56 ppb, 12.5 ppb, 25 ppb, and 100 ppb of the native
standard mix and were analyzed by LC-MS/MS to determine
the mean ion ratios and standard deviations from the mean
for each compound. �e variabilities of the ion ratios in the
di�erent sample matrices were then evaluated and compared
with the values observed in the standards.

2.3.3. Optimization of the Ion Ratio Criterion. �e proposed
formula to be used in order to optimize the appropriate ion
ratio tolerance that will give the least false negative is a mean
ion ratio and a tolerance range that will account for vari-
ations in the sample matrix. �is tolerance range should not
be too wide so as to avoid having false positives. To de-
termine the optimum tolerance level, di�erent values were
tested for all compounds; the same test was also used to
determine whether a single tolerance range would be used
for all the matrices or if di�erent ones should be used for
wastewater and for surface water. To check the appropri-
ateness of the selected tolerance values, the number of false
negatives will be determined using the water extracts spiked
with known amounts of standards.

3. Results and Discussion

3.1. Ion Ratio Variability at Di�erent Concentrations. A total
of 30 PPCPs, which include 23 antibiotics, were studied for
the development of an ion ratio criterion (Table 1). �e
classes of antibiotics that were included in this study were
sulfonamides, macrolides, quinolones, and tetracyclines.

First, the ion ratio behavior of the compounds was
studied at di�erent concentrations by analyzing nine rep-
licates of the standard solutions of 1.56, 3.13, 6.25, 12.5, 25.0,

50.0, and 100 ppb in the LC-MS/MS. �e overall mean,
which is the average ion ratio of all nine replicates at all
concentrations, was obtained for each compound (Table S2).
�e relative percent deviation was then calculated by sub-
tracting the overall mean from each of the data points and
then dividing by the overall mean. �ese values were then
plotted against the seven concentrations to see how the ion
ratios at each concentration vary from the overall mean of
each compound, as shown in Figure 1. �e trend for all the
compounds is that the variation is highest at the lowest
concentration.�e average relative standard deviation for all
the compounds at 1.56 ppb was 18%, while that for com-
pounds at 100 ppb was only 4%. �ese results indicate that
the di�erences in the ion ratios at di�erent concentrations
should be taken into account because if only one tolerance
limit is applied across all concentrations, it is likely that false-
negative results will occur at low concentrations, especially
at concentrations between 1.56 to 12.5 ppb.

�e general trend in the ion ratios for 23 PPCPs is shown
in Figure 1; a separate plot for tetracyclines and quinolones
was prepared (Figure 2) because the variabilities in the ion
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Figure 1: Deviation of ion ratios from the overall mean across
di�erent concentrations of 23 PPCPs without tetracyclines and
quinolones.
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Figure 2: Deviation of ion ratios of tetracyclines and quinolones
from the overall mean across di�erent concentrations.
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ratios were notably higher in these classes of antibiotics than
the rest of the PPCPs. Data points at lower concentrations of
some compounds were removed in cases where the quali-
tative ion was not detectable. For example, oxytetracycline
was not detected below 25 ppb, chlortetracycline and tet-
racycline were not detected below 12.5 ppb, sara�oxacin and
nor�oxacin were not detected below 6.25 ppb, and enro-
�oxacin was not detected at 1.56 ppb. �erefore, a separate
chart (Figure 2) was created for tetracyclines and quinolones
since they do not follow the same behavior as the other
pharmaceuticals. Based on these data, a separate ion ratio
tolerance range is needed for tetracyclines and quinolones in
order to capture the wide variations, without a�ecting the
other compounds. It can be observed that the variations in
Figure 2 are lower at 1.56 ppb compared to the higher
concentrations, but this is because most of these compounds
were no longer detected at 1.56 ppb, and these data points
were removed in the chart. �e deviation from the mean
reaches up to 120% at 12.5 ppb for tetracyclines and up to
50% for quinolones at 6.25 ppb. At the highest concentration
of 100 ppb, the deviations from the mean in both tetracy-
clines and quinolones are at 40%, while those for the other
PPCPs are only 20%.

�e areas of both the quantitative and qualitative ions
were investigated separately in order to identify which of the
two ions causes high variations. �e deviations in the areas
of these ions from the mean were calculated and compared
with each other. Since the distribution of variation of both
the qualitative and quantitative areas is similar, as seen in
Figure 3, this means that both of them contribute equally to
the variations, and the ion ratio deviations cannot be at-
tributed to just the quantitative or qualitative ion alone.

3.2. Ion Ratio Variability in Wastewater and Surface Water
Matrices. A total of 19 di�erent samples were spiked with
the pharmaceutical standards at 4 concentrations: 1.56, 12.5,
25.0, and 100 ppb, in order to determine how the di�erences
in the nature of the matrices in�uence the ion ratios.

Figure 4 shows how the ion ratios change in the in�uent,
e�uent, upstream, and downstream water samples in
comparison with the clean standard. It can be seen that the

variations are higher in the wastewater as compared to those
of the surface water samples, with relative standard deviation
values of 13%, 11%, 10%, and 9%, for the in�uent, e�uent,
downstream, and upstream samples, respectively. �is trend
was expected since the upstream and downstream samples
are less-complex matrices (lower organic matter content
than wastewater). It can be seen in the lowest concentration
studied (1.56 ppb) that the standards in the clean matrix
varied more than the ones spiked in the samples, with
relative standard deviations of 18% for the standards and
20%, 14%, 15%, and 12% for the in�uent, e�uent, down-
stream, and upstream samples, respectively. �is is due to
the removal of 22 data points at 1.56 ppb because the
qualitative ions were no longer detected in the samples.

3.3. Optimization of a Tolerance Range for the Ion Ratio
Criterion. �e formula for the ion ratio criterion that was
used is a tolerance range from the mean of each standard
compound in the clean matrix. �is tolerance range should
account for the deviations because of di�erences in con-
centrations and the matrix being analyzed. �e goal in
setting this range is to have the least number of false positives
and false negatives. False negatives will occur when the ion
ratio of analytes in spiked environmental samples does not
meet the tolerance criteria such that the analyte in question
will be considered “nondetect.” On the contrary, one cannot
set a tolerance range too wide that will likely result in
a signi�cant number of false positives. �erefore, a range
that will still capture all the variations at the 95% con�dence
level in both matrices and at di�erent concentrations is
needed.

In order to provide an appropriate criterion, the overall
mean, which is obtained by taking the average of the ion
ratios at all concentrations (1.56 to 100 ppb), will be used.
�is way, the variations of the ion ratios from low to high
concentrations will be taken into account. �e tolerance
range must then be optimized for the spiked matrices.
Tolerance ranges from 10% to 50% were tested to see which
one will give the least number of false negatives for each of
the water matrices (Table 2).�e overall false-negative rate is
the weighted average of the percent false negatives for each
matrix type.

Since the tetracyclines and quinolones were found to
have greater variations than the rest of the PPCPs as seen in
Figure 2, a test was performed to check if tetracyclines and
quinolones should use a di�erent tolerance level than what is
used for the other classes of PPCPs. Table 3 shows the
percentage of false negatives in the samples when the tet-
racyclines and quinolones were removed. If tetracyclines and
quinolones were included, a tolerance range of 50% would
give a false-negative result of ≤5%. If removed, a tolerance
range of 30% would be enough to give the same value of ≤5%
for false negatives.

It is important to have a separate tolerance range for
tetracyclines and quinolones because as seen in Table 2,
a tolerance range of 50% is needed in order to capture them
at the 95% con�dence level. �is value, however, would be
too high for the other PPCPs, where only 30% is required to
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Figure 3: Distribution of the deviation of the quantitative and
qualitative ion areas from the mean.
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have the same con�dence level (Table 3). �erefore, a �xed
tolerance range of 50% for all compounds could potentially
result in high false negatives for tetracyclines and quinolones
and high false positives for the other PPCPs. Also, at the 50%
tolerance range, even if the overall false negatives were already

below 5% for many PPCPs, as seen in Table 2, it was observed
that the tetracyclines and quinolones still had very high values,
with cipro�oxacin having 96% false negatives (Table 4).

For chlortetracycline, cipro�oxacin, enro�oxacin, nor-
�oxacin, and tetracycline, the range needed to be from 70%
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Figure 4: Comparison of ion ratios in spiked matrices and in clean standards. (a) WWTP in�uent samples; (b) WWTP e�uent samples;
(c) upstream surface water samples; (d) downstream surface water samples.

Table 2: Percent false negatives in spiked environmental matrices at di�erent tolerance ranges for all 30 PPCPs.

Tolerance range
Matrix

Overall false negatives
In�uent E�uent Downstream Upstream

±10% 54% 49% 47% 42% 38%
±20% 26% 20% 16% 14% 16%
±30% 13% 9% 7% 6% 8%
±40% 8% 6% 4% 3% 6%
±50% 5% 4% 2% 2% 4%

Table 3: Percent false negatives in spiked environmental matrices at di�erent tolerance ranges for 23 compounds without tetracyclines and
quinolones.

Tolerance range
Matrix

Overall false negatives
In�uent E�uent Downstream Upstream

±10% 48% 42% 41% 35% 31%
±20% 20% 13% 10% 8% 10%
±30% 8% 4% 2% 2% 4%
±40% 4% 2% 0% 0% 2%
±50% 2% 1% 0% 0% 1%
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WTto 85% in order to have a false-negative rate of ≤5%.
Oxytetracycline and sarafloxacin, on the contrary, still have
false negatives of up to 29% (downstream) and 20% (up-
stream), respectively, at a tolerance range of 80% (Table 5).
However, setting a wider range may result in greater prob-
ability of false positives. *erefore, a tolerance range of 80%
was set for the tetracyclines and quinolones, but it is rec-
ommended that other criteria such as retention time, peak
areas, and the number of points per peak be investigatedmore
carefully in the confirmation of these compounds.

Once the acceptable tolerance range for the mean ion
ratio for each analyte was established based on spiked en-
vironmental samples, the ion ratio in each sample matrix
was also assessed in order to adjust this range accordingly for
the influent, effluent, upstream, and downstream samples.
*e tolerance range that would give ≤5% false negatives was
recorded for each matrix type.*ese values were 40% for the
influent samples and 30% for the effluent, upstream, and
downstream samples (Table 3). It is expected that the
compounds would have higher variations in more complex
matrices such as the influent. Since the tolerance range for
the influent differed by 10%, it is recommended to establish
a different tolerance limit for influent samples to avoid
a high false-negative rate in this matrix. If a fixed range of
±20% is used as the tolerance value (Table 2) for all types of
matrices, the number of false negatives would be much

higher, 26%, 20%, 16%, and 14%, for the influent, effluent,
downstream, and upstream samples, respectively. *erefore,
it is important to have a separate tolerance range for certain
compounds in different environmental matrices.

3.4. Applying the Optimized Ion Ratio Criterion in RealWater
Samples from around the World. *e optimized ion ratio
criterion for each of the target PPCPs was applied to real
environmental samples that were not spiked with standards.
*ese samples were wastewater influents and effluents and
receiving surface waters which are located upstream and
downstream of the respective WWTPs, collected from 5
different countries. For influent samples, an analyte is said to
be positively detected in the sample if its ion ratio is within
the mean± 40% of the reference standard. For effluent,
upstream, and downstream samples, analytes with the mean
ion ratio within ±30% of the standards are considered
positive detection. Note that the results in Table 6 do not
include detections for tetracyclines and quinolones, for
which a different tolerance range was set.

*e compounds that were detected outside the range
were acetylsulfamethoxazole in the effluent samples, azi-
thromycin in the effluent and upstream samples, and clar-
ithromycin in the downstream samples, with the details
shown in Table 7.

Table 4: Percent false negatives for tetracyclines and quinolones at the 50% tolerance range in spiked environmental matrices.

Compounds
Matrix

Overall false negatives
Influent Effluent Downstream Upstream

Chlortetracycline 10% 0% 0% 0% 2%
Ciprofloxacin 96% 71% 33% 13% 61%
Enrofloxacin 5% 0% 0% 0% 1%
Norfloxacin 0% 4% 0% 0% 1%
Oxytetracycline 0% 30% 29% 22% 21%
Sarafloxacin 12% 16% 0% 20% 13%
Tetracycline 11% 0% 0% 0% 3%

Table 5: Percent false negatives for tetracyclines and quinolones in spiked environmental matrices at the 80% tolerance range.

Compounds
Matrix

Overall false negatives
Influent Effluent Downstream Upstream

Chlortetracycline 10% 0% 0% 0% 2%
Ciprofloxacin 0% 0% 0% 0% 0%
Enrofloxacin 0% 0% 0% 0% 0%
Norfloxacin 0% 4% 0% 0% 1%
Oxytetracycline 0% 0% 29% 0% 6%
Sarafloxacin 6% 11% 0% 20% 10%
Tetracycline 0% 0% 0% 0% 0%

Table 6: Results of the application of the ion ratio criterion in real wastewater and surface water samples.

Matrix Tolerance range Total no. of detections No. of detections outside the range
Influent ±40% 102 0
Effluent ±30% 90 2
Downstream ±30% 37 2
Upstream ±30% 39 1
A number of detections outside the range are data points that were considered positive detections but had ion ratios outside the set tolerance range.
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�e compounds with ion ratios that fell outside the set

tolerance range were investigated individually to con�rm if
these were real detections or not by checking the presence of
both the quantitative and qualitative ions and if the shift in
retention time is not more than 0.5min. It was found that all
of them had both ions, and their retention times were within
the acceptable range. Since their calculated ion ratios are still
close to the limits of the range, these were still considered as
positive detections. In cases like this where the calculated ion
ratios are close to the limits of the range and retention times
are within the acceptable shift, it is recommended that the
qualitative ion be checked to make sure that its signal is at
least 3 times that of the noise (Table 6).

A total number of 37 detections for cipro�oxacin,
nor�oxacin, and tetracycline were found for tetracyclines
and quinolones in the samples. �e ion ratios of all 37 peaks
in all matrices were within the set tolerance range of 80%,
and they passed other criteria for peak con�rmation.

An example of a false-positive detection that was found
through the use of the ion ratio is diclofenac. �e quantitative
and qualitative ion transitions of diclofenac are 296→ 214 and
296→ 250 and its retention time is at 27.5min. Figure 5 shows
a comparison of the two chromatograms, both of which have
peaks at 27min for both SRM transitions.

When the ion ratios were calculated, an in�uent sample
(Figure 5) gave an ion ratio of 0.15, which falls outside the
range for diclofenac in the in�uent which is from 1.57 to
3.67. Furthermore, it can be observed that, forWWTP A, the
retention time of the qualitative ion, which is at 27.16min, is
slightly di�erent from that of the quantitative one at
27.78min, further proving that this is a false-positive de-
tection since the retention times of both ions should be the
same. Upon removal of 7 false-positive diclofenac peaks that
did not match the ion ratio criterion and retention times for
both the quantitative and qualitative ions, the total number
of detections was reduced from 312 to 305.

4. Conclusions

An ion ratio criterion has been optimized for six classes of
pharmaceuticals in wastewater and surface water using LC-
MS/MS. For 23 PPCPs, values for mean± tolerance for the
ion ratios in the di�erent types of environmental matrices
were established based on the variabilities of the ion ratios in
spiked samples. �e variabilities of the ion ratios of the
compounds were found to increase at lower concentrations
from 4% at 100 ppb to 18% at 1.56 ppb. �erefore, the mean
ion ratio that was used in the formula is the average of the

ion ratios from 1.56, 3.13, 6.25, 12.5, 25, 50, and 100 ppb so
that it can capture the variations at di�erent concentrations.
�e ion ratios for tetracyclines and quinolones were found to
have higher variations, which are twice that of the other
PPCPs; therefore, these two classes of compounds were
analyzed separately so as not to increase the possibility of
false positives for the other compound classes. For tetra-
cyclines and quinolones, the tolerance rangewas set to 80%, but
it is recommended that other criteria such as retention time,
peak areas, and the number of points per peak be investigated
carefully before reporting their detections.

For the sulfonamides, macrolides, SSRIs, and other
PPCPs, the ion ratios were studied in the di�erent

Table 7: Compounds with ion ratios detected outside the set
tolerance range of ±40% for WWTP in�uent samples and 30% for
WWTP e�uent, upstream, and downstream samples.

Matrix Compound Tolerance
range

Calculated
ion ratio

E�uent Acetylsulfamethoxazole 0.88–1.64 1.74
Azithromycin 1.89–3-5 1.86

Downstream Clarithromycin 1.28–2.38 2.41
Clarithromycin 1.28–2.38 2.42

Upstream Azithromycin 1.89–3-5 1.74
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Figure 5: False-positive detection of diclofenac in wastewater. �e
calculated ion ratio, 0.15, falls outside the ion ratio tolerance range
of 1.57 to 3.67. �e chromatograms show (a) the peak for the
quantitative ion with a transition of 296→ 214 and (b) the peak for
the qualitative ion with a transition of 296→ 250.
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environmental matrices. It was found that the variations also
increase with the complexity of the matrix. *e optimized
tolerance range that would give <5% false negatives was 40%
for the influent and 30% for the effluent, upstream, and
downstream. *is optimized ion ratio criterion was then
applied to real wastewater and surface water samples that
were not spiked with standards and resulted in the reduction
of the total number of detections from 312 to 305, after false
positives were eliminated.
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,e objective of this study was to develop and validate a method for quantitative analysis of rivastigmine hydrogen tartrate (RHT)
in dual-ligand polymeric nanoparticle formulation matrices, drug release medium, and cellular transport medium. An isocratic
HPLC analysis method using a reverse phase C18 column and a simple mobile phase without buffer was developed, optimised, and
fully validated. Analyses were carried out at a flow rate of 1.5mL/min at 50°C and monitored at 214 nm. ,is HPLC method
exhibited good linearity, accuracy, and selectivity. ,e recovery (accuracy) of RHT from all matrices was greater than 99.2%. ,e
RHTpeak detected in the samples of a forced degradation study, drug loading study, release study, and cellular transport study was
pure and free of matrix interference. ,e limit of detection (LOD) and limit of quantification (LOQ) of the assay were 60 ng/mL
and 201 ng/mL, respectively. ,e method was rugged with good intra- and interday precision. ,is stability indicating HPLC
method was selective, accurate, and precise for analysing RHT loading and its stability in nanoparticle formulation, RHTrelease,
and cell transport medium.

1. Introduction

,ere is a worldwide increase in the prevalence of brain
diseases such as Alzheimer’s disease (AD), Parkinson’s
disease, and stroke due to the increase of the aging pop-
ulation. Consequently, there is an increase in demand for
effective treatments for these diseases. Rivastigmine hy-
drogen tartrate (RHT) was approved by the US FDA in 2000
for the treatment of mild-to-moderate dementia of either
Alzheimer’s type or related to Parkinson’s disease [1]. RHTis
a cholinesterase inhibitor that inhibits both acetylcholin-
esterase (AChE) and butyrylcholinesterase (BuChE) en-
zymes responsible for the degradation of acetylcholine
(ACh) into nonfunctional metabolites. Among the many
chemical changes that the brain encounters during AD,
depletion of ACh is one of the earliest and biggest changes.
RHT increases the central cholinergic function by enhancing
the ACh level in mild-to-moderate AD patients and inhibits

deposition of amyloid plaques in the brain, slowing down
the mental decline [2–6].

RHT has been reported to improve or maintain pa-
tients’ cognitive function, global function, behaviour, and
day-to-day activities [7, 8]. It is commercially available as
capsules, oral solution, and patches. However, the current
therapeutic regimen of RHTdemands frequent dosing, and
cholinergic side effects are common. Like other CNS drugs,
treatment efficacy of RHT is primarily restricted, not by the
drug’s inherent potency but by its ability to cross the blood-
brain barrier (BBB) into the brain due to its hydrophilic
nature [9].

To overcome the challenge of RHT transport into the
brain, it has been formulated into nanoparticles (NPs) since
2008 [9]. NPs act as a drug carrier to provide targeted
delivery of a concentrated payload to, and sustained release
at, the target site for therapeutic action. ,e targeting ability
of NPs is influenced by surface ligands that interact
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specifically at receptors on the target site. ,is targeting
approach is receiving increased attention for the develop-
ment of highly efficacious therapeutics with minimal side
effects that can be used in a wide range of diseases where
ideal pharmaceutical options are currently limited. Accurate
and efficient analytical methods that can facilitate the for-
mulation development and evaluation process are essential.
Our group recently developed dual-targeting ligand NPs for
the brain delivery of RHT [10, 11]. ,is was facilitated by the
development of an analytical method for quantitation of
RHT loading in a complex formulation and relevant cellular
and stability studies.

In the past, the quantitative determination of RHT has
been reported using several analytical techniques such as
spectrophotometry [12, 13], HPLC [14–17], gas
chromatography-mass spectrometry (GC-MS) [18–20], and
liquid chromatography-mass spectrometry (LC-MS) [21–
25]. For example, Fazil et al. [12] determined drug loading
and encapsulation efficiency by measuring the amount of
free RHT in the NPs supernatant using a UV spectropho-
tometer. ,e group used the same technique to quantify
RHT in phosphate-buffered saline (PBS) in their in
vitro permeability studies. Nagpal et al. [13] employed

spectrophotometry to measure drug loading, entrapment
efficiency, and RHT release from NPs in PBS. However,
spectrophotometry is not selective and cannot separate
formulation excipients, impurities, or degradation products
from the drug itself.

HPLC methods developed for RHT commonly employ
a buffer in the mobile phase and special columns, such as
Kromasil C8, XTerra RP18, and 5C18-MS, with either UV or
fluorescence detection for the analysis of RHT in different
samples [14–17, 26–29]. Table 1 summarises the HPLC
methods reported to date for separation and quantification
of RHT in different sample matrices.

Although HPLC coupled with mass spectrophotometry
(MS) is suitable or desirable for separation and quantifi-
cation of RHT in biological samples (rat, canine, and human
plasma, and rat brain and urine) [30], for initial formulation
development and evaluation, a fast, economic, and simple
yet selective and accurate HPLC method is preferred.
Furthermore, it is advantageous if the developed method is
also directly applicable for HPLC-MS analysis. ,erefore,
the objective of the current study was to develop and validate
a simple, fast, sensitive, selective, and accurate HPLC
method for the quantitative analysis of RHT loading in

Table 1: Summary of published HPLC conditions for RHT determinations.

Column Sample
matrix Mobile phase Flow rate Detection technique Analysis

time
Detection
limits Reference

Waters
Spherisorb
silica

Human
plasma

Acetonitrile-50mM
aqueous sodium

dihydrogen phosphate
(17 : 83 v/v, pH 3.1)

1.3mL/min UV: 200 nm 6
minutes

LOD:
0.2 ng/mL [26]LOQ:
0.5 ng/mL

Inertsil
ODS-3V C18

Rat plasma
and brain

Ammonium acetate buffer
(20mM, pH 4.5) and

acetonitrile 74 : 26 (v/v)
1.0mL/min

Fluorescence detector,
Ex/Em wavelength:

220/293 nm

16
minutes

LOD: not
given [16]LOQ:

10 ng/mL

XTerra
RP18 C18

Raw material
10mM sodium-1-heptane
sulphonate (pH 3.0) and
acetonitrile 72 : 28 (v/v)

1.0mL/min UV: 217 nm 13
minutes

LOD:
100 ng/mL [27]LOQ:
300 ng/mL

Monomeric C18 Rat plasma
Acetonitrile and

20mmol/L phosphate
buffer, pH 3.0 (25 : 75)

1.0mL/min
Fluorescence detector,
Ex/Em wavelength:

220/293 nm

20
minutes

LOD: not
given [28]LOQ:

25 ng/mL

5C18-MS Capsule Methanol and water
(90 : 10) 1.0mL/min UV: 217 nm Not

given

LOD: not
given [29]LOQ:

10.9 µg/mL

Kromasil C8 Liposomes
20mmol·L−1 phosphate
buffer (pH 3.0) and

acetonitrile (75 : 25%, v/v)
1.0mL/min UV: 210 nm 20

minutes

LOD: not
given [17]LOQ:

10 ng/mL

C18
Solid lipid

nanoparticles

Acetonitrile and potassium
dihydrogen

orthophosphate buffer
(pH 6.0) (20 : 80 v/v)

1.0mL/min UV: 215 nm Not
given

LOD: not
given [14]LOQ:

1 µg/mL

ODS C18 Liposomes

Acetonitrile : water
(20mM NaH2PO4·2H2O,
10mM Na2HPO4·12H2O)

(25 : 75, v/v)

1.0mL/min UV: 218 nm Not
given

LOD: not
given [15]LOQ: not
given
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a dual-ligand NP formulation, its release and cellular
transport, and its stability profile under different stressed
conditions. Development criteria were that the chroma-
tography should be achieved on a commonly used C18
column and that the mobile phase was without a buffer, thus
allowing direct translation to HPLC-MS.

2. Experimental

RHT (purity ≥99.2%) was purchased from Innochem
Technology Co., Ltd. (Beijing, China). HPLC grade aceto-
nitrile (ACN) (purity ≥99.9%) was obtained from ,ermo
Fisher Scientific (Scoresby, Australia). Hanks’ balanced
salt solution (HBSS), 4-2-hydroxyethylpiperazine-1-
ethanesulfonic acid (HEPES) (purity≥ 99.5%), trifluoro-
acetic acid (TFA) (purity≥ 99.0%), and phosphate-buffered
saline (PBS) pouches were purchased from Sigma-Aldrich
(Castle Hill, Australia). D-glucose anhydrous, HCl (32%
w/v), and hydrogen peroxide (H2O2, 30%w/v) were ob-
tained fromAjax Finechem Pty Ltd. (Taren Point, Australia).
NaOH (purity≥ 98.0) was obtained from BDH Laboratory
Supplies (Poole, England). ,e transport buffer (HBSS-P)
was prepared from HBSS containing 10mM HEPES and
20mM glucose. Ultrapure (type 1) water was generated
using a Milli-Q System (Merck Millipore, Bayswater,
Australia).

2.1. Nanoparticle Preparation and Characterisation. ,e
dual-ligand PLGA-based NPs were prepared by a double
emulsion solvent evaporation technique [31–33]. RHT was
loaded in the NPs as a model drug.,e NPs formulation was
optimised to achieve optimum particle size for brain drug
delivery and maximal drug loading in the NPs. ,e opti-
mised NPs formulation was evaluated for in vitro charac-
teristics including particle morphology, size, zeta potential,
drug loading efficiency, release profile, and stability studies.
,e developed HPLC method was used for quantitative
analysis of RHT loading in the NPs formulation, release and
cellular transport, and stability profile under different
stressed conditions.

2.2.ChromatographicConditions. ,eHPLC system was an
Agilent® 1200 instrument (Agilent Technologies, Mul-
grave, Australia) with a degasser (G1379B), a binary pump
(G1312A), and an autosampler (G1329A) with thermo-
control unit (G1330B) and VWD (G1314B), Waters®
1122/WTC-120 external column heater (Waters Australia
Pty Ltd, Rydalmere, Australia), and a diode-array detector
(DAD, G1315B). Data acquisition and processing were
carried out with Agilent ChemStation® software version
B.04.03 SP1.

Samples were maintained at 4°C in the autosampler prior
to analysis. An Apollo C18 column, 5 µm particle size,
150mm× 4.6mm (Grace Davison Discovery Sciences,
Baulkham Hills, Australia), was maintained at 50°C. All
analyses were conducted with an isocratic mode with
a 1.5mL/min flow rate of the mobile phase (20% v/v ACN in
water containing 0.1% TFA, prefiltered through a 0.2 µm

hydrophilic nylon filter: MerckMillipore, Bayswater, Australia)
and injection volume of 50 µL. ,e detection of RHT was
monitored at an UV wavelength of 214 nm.

2.3. Forced Degradation Studies. Forced degradation studies
were conducted according to published protocols to confirm
the selectivity of the developed assay method [34–36]. RHT
(25 µg/mL) was used for all degradation studies. For acid
decomposition (hydrolysis) studies, RHT solution was
prepared in 2N HCl and incubated for 48 h at 37° and 60°C.
For base hydrolysis studies, RHT solution was prepared in
0.5NNaOH and incubated at 37°C and 60°C up to 48 h. Both
the acid and alkaline samples were cooled to RT and neu-
tralised before analysis by HPLC.

,e stability of RHT in water was assessed with RHT
solution (25 µg/mL) incubated at 37° and 60°C for 48 h,
whereas the effect of RHT oxidation was determined by
incubating RHT for 48 h at 37° and 60°C in 30% H2O2.

All degraded samples were analysed by HPLC, and RHT
peak purity was evaluated using a diode-array detector by
obtaining five UV spectra across the peak. ,e similarity
among these five spectra was determined and reported using
ChemStation software to determine the peak purity. Coe-
lution of any degraded product with the drug peak would
make the peak impure, resulting in dissimilar UV spectra.
,e software also reported whether the peak purity in each
spectrum was within the automatically set threshold limit.

2.4. Method Validation. ,e developed HPLC method was
validated with respect to selectivity, linearity, precision,
accuracy, limit of detection (LOD), and limit of quantifi-
cation (LOQ) in accordance with the International Council
for Harmonisation (ICH) Guidelines for Validation of An-
alytical Procedures, Q2B [37] and the United States Phar-
macopeia and the National Formulary (USP 37-NF 32) [38].

2.4.1. Selectivity. Forced degradation study samples were
used to assess the selectivity of the method. Supernatants of
both blank NPs (dual-ligand NPs without any loaded drug)
and RHT-loaded dual-ligand NPs were diluted 200 times in
the mobile phase and injected into the HPLC to study
whether any interfering peaks coeluted at or near the drug
peak. Similarly, the matrix interference was also investigated
using (i) PBS medium collected from release study control
(dual-ligand NPs without any loaded drug) and (ii)
uptake/transport study buffer (HBSS-P) comprising HBSS
containing 10mM HEPES and 20mM glucose (collectively
the “experimental media”).

2.4.2. Linearity. ,e linearity of the developed assay method
was assessed in two different media: 0.3% vitamin E-TPGS
(solvent for dispersion of dual-ligand nanoparticle) and PBS
(release study medium). A range of concentrations of RHT
solutions (0.1 to 2mg/mL) was prepared in 0.3% vitamin
E-TPGS from a stock solution (2mg/mL RHT in 0.3% vi-
tamin E-TPGS). Each solution was then diluted 200 times
(50 µL into 10mL) with the mobile phase to obtain the final
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RHTstandard concentrations of 0.5, 1, 2, 3, 4, 5, 6, 7, 8, 9, and
10 µg/mL. ,ese standards were injected into the HPLC
column, in duplicate. Another set of standards with the same
concentration range was prepared by diluting an RHT stock
solution (1mg/mL) in type 1 water with 10mM PBS (pH 7.4).
Again, these standards were injected into the HPLC column
in duplicate. Average peak area data were plotted against
corresponding standard concentrations using Microsoft®
Excel 2016 to construct the standard calibration curve. ,e
linearity was established by calculating the R2 value.

2.4.3. Precision. ,e precision of the proposed method was
determined by injecting four RHT concentrations (1, 4, 6,
and 10 µg/mL) in the experimental media, six times into
the HPLC. ,e relative standard deviation (RSD) values
were calculated for all concentrations.

2.4.4. Limit of Detection (LOD). ,e LOD was determined
as the drug concentration that produced a signal three times
greater than the baseline noise level. Two blank solvents,
namely, (1) 0.3% vitamin E-TPGS diluted 200 times in the
mobile phase and (2) 10mM PBS, pH 7.4, were injected six
times to determine the average noise levels. Standard RHT
solutions prepared in the mobile phase were analysed and
calibration curves constructed by plotting average peak
heights against the corresponding concentrations. ,e LOD
was calculated by the following formula:

LOD � 3 ×
Peak height of noise

Slope of calibration curve constructed by peak height versus conc
.

(1)

2.4.5. Limit of Quantification (LOQ). Using the same data,
the LOQ was determined as the concentration with the
signal at ten times greater than the baseline noise level. ,e
LOQ was calculated by the following formula:

LOQ � 10 ×
Peak height of noise

Slope of curve constructed by peak height versus conc
. (2)

2.4.6. Intra- and Interday Repeatability (Ruggedness). ,ree
standard concentrations of RHT (low, medium, and high) in
each solvent (0.3% vitamin E-TPGS diluted 200 times in the
mobile phase and 10mM PBS, pH 7.4) within the calibration
curve were selected. ,e intra- and interday repeatability of
the method was assessed by analysing these 1, 5, and 10 µg/mL
RHT standards, in triplicate, at different time points in the
same day and on two different days. In addition, the rug-
gedness study was conducted by analysing another set of RHT
standards of the same concentrations by a second analyst on
a different day. ,e RSD was calculated for each analysed
concentration and compared with the nominal limit to
evaluate the intra- and interday repeatability of the method
and ruggedness.

2.4.7. Accuracy. ,e accuracy of the developed method was
determined in two media to assess the interference of the

dual-ligand NPs formulation matrices and solvents. Firstly,
a batch of drug-free dual-ligand NPs (blank NPs) was
prepared, and the supernatant was collected during the last
step of the preparation. ,e supernatant was then spiked
with RHT to obtain a solution of RHT (2mg/mL).,is stock
solution was diluted with the same supernatant medium to
prepare five RHT solutions with concentrations of 0.1, 0.4,
0.8, 1.2, and 1.6mg/mL. ,ese solutions were diluted 200
times with the mobile phase to obtain the final drug con-
centrations of 0.5, 2, 4, 6, 8, and 10 µg/mL and injected into
the HPLC column in triplicate. ,is procedure mimics the
method of sample preparation for the determination of RHT
loading in dual-ligand NPs.

Secondly, an in vitro release study of the blank dual-
ligand NPs was carried out at pH 7.4 in PBS (mimicking the
NPmatrix in the release medium). 3mL of blank dual-ligand
NPs suspension was loaded in a dialysis tube (MWCO
12000), sealed, and placed in a 60 g amber glass jar con-
taining 50mL prewarmed PBS at 37°C. ,e setup was placed
on an orbital shaker at 37°C and horizontally shaken at
100 rpm. Release medium from outside the dialysis bag was
collected after 24 h, spiked with RHT standard solution
(200 µg/mL) prepared in type 1 water to get the final RHT
concentrations of 2, 4, 6, 8, and 10 µg/mL, and injected into
the HPLC column in triplicate. ,e concentration of RHT in
all samples was determined against RHTstandards prepared
in the mobile phase.

,e method accuracy was determined by calculating the
percentage of recovery (measured concentration over the
added concentration) in each case.

3. Results and Discussion

,e NP formulation was optimised to achieve the particle
size between 70 nm and 200 nm as well as to achieve the
highest possible drug loading in the NPs. ,e optimised
RHT-loaded dual-ligand NPs were found to have negative
zeta potential (−24.3± 2.5mV) and narrow size distribution
(139.5± 3.9 nm) ideal for targeting the BBB.

3.1. Development and Optimisation of HPLC Method. ,e
HPLC method for separation and quantification of RHT in
PBS (pH 7.4) and NP supernatant (containing 0.3% vitamin
E-TPGS) was developed and validated. An appropriate
combination of the column type, column temperature, mobile
phase composition and flow rate, injection volume, and
detection system was studied to produce a simple, fast,
economic, and yet selective and accurate assay method. We
validated 50 µL injection volume as the maximum injection
volume for future application in analysis of biological sam-
ples. ,e UV wavelength of 214 nm was selected for the
detection of the compound based on the UV spectrum of
RHT. A lower wavelength (209 nm) produced a much
stronger drug signal, but higher background noise made this
approach impractical. ,e mobile phase composition was
developed based on the solubility and pKa of RHT (8.85) [39].
An acidic condition (pH 2.6) was considered necessary
to keep all RHT molecules ionised (Figure 1). At this lower
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WTpH, the silane groups of the C18 column were also fully
protonated, leading to weak interaction with RHT, thereby
shortening the elution time. TFA was used to provide a good
peak shape and avoid the use of bu�er salts that may pre-
cipitate due to an interaction with formulation excipients. In
addition, eliminating a bu�er allows the method to be easily
adapted for LC-MS analysis of RHT in the future. �e initial
trial mobile phase composed of ACN and water (50 : 50 v/v)
containing 0.1%TFA at a �ow rate of 1mL/min resulted in the
RHTeluting with the solvent front. Consequently, the organic
phase was optimised at a ratio of 20 : 80 (v/v) for ACN : water
to produce the best peak shape and separation. �e �ow rate
was increased to 1.5mL/min, and column temperature was
maintained at 50°C to facilitate separation, sharpen the peaks,
and reduce the retention time to 6.8min. Mullangi et al. [16]
also employed a similar mobile phase composed of ACN and
water (26 : 74 v/v) and acidic pH of 4.5 for the analysis of
RHT. However, our developed method utilises a less-
expensive shorter column and a shorter run time, thereby
providing economic bene�ts.

3.2. ForcedDegradationofRHTandSelectivity. �emain aim
of the forced degradation studies of RHT was to assess the
selectivity of the analytical method. According to the MSDS
supplied by the manufacturer, RHT is chemically stable
under normal conditions but incompatible with strong
acids, bases, and oxidising agents. No light sensitivity data
were provided in the MSDS; however, RHT was reported to
be stable when exposed to light for at least ten days [27]. In
our investigation, various stress conditions were employed
to simulate any possible degradation that might occur
during the NPs preparation and in vitro characterisation
experiments. RHT was subjected to hydrolysis (acidic, al-
kaline, and neutral pH) and oxidation. Our results (Table 2)
showed a similar degradation pattern for RHT as per the

published literature [27]. We found that RHT was most
prone to base degradation, showing maximum degradation
after 48 h incubation at 37°C, compared to acidic, oxidative,
and hydrolysis in water conditions. �e drug demonstrated
excellent stability against hydrolysis conditions at neutral
pH under both test temperatures, but oxidised easily at 37°C,
with complete degradation after 48 h incubation at 60°C.
RHT stability in 2N HCl was relatively good with 2.2%
degradation at 37°C over 48 h.

Figure 2 illustrates that our developed HPLC assay
method is capable of separating RHT from all degradation
products and that the RHTpeak obtained at 6.8min is pure.
Peak purity analysis was conducted using the default settings
of the ChemStation software without any manual data entry.
�e peak purity of degraded products was not checked
because we were only interested in assessing the method’s
capability of resolving the pure RHT peak. �e eluted RHT
peak was well separated from the degraded products (re-
tention time< 6min). �us, the developed method was
selective and can be used as a stability indicating method for
the analysis of RHT concentration in various samples in-
cluding stability samples.

As our RHT samples of interest are from dual-ligand
nanoparticle formulation, release, and cellular transport
studies, it is important that the matrices present in those
samples do not interfere with the RHT quantitation.
�erefore, further selectivity studies were carried out to
con�rm that the developed HPLC method has the capa-
bility to generate “true results” that are free from matrix or
medium interference. �e HPLC spectra in Figure 3 in-
dicate that there was no peak around the RHT retention
time (6.8–6.9min) in any of the experimental media: (i)
supernatant of dual-ligand NPs without any loaded drug
(after 200 times dilution with the mobile phase), (ii) PBS
medium following release study of empty dual-ligand NPs,
and (iii) cellular transport study medium (HBSS-P). �is

NH N 
N N 

pKa = 8.85

HH

O

O

O

O

+

CH3

CH3

CH3

CH3

CH3
CH3

CH3

CH3

CH3

CH3

Figure 1: Ionisation of rivastigmine tartrate.

Table 2: Summary of �ndings in RHT-forced degradation studies.

Forced degradation condition Temp. (°C) Incubation duration (hrs) Remaining percentage

Acid hydrolysis: RHT in 2N HCl 60 48 87.4
37 48 97.8

Base hydrolysis: RHT in 0.5N NaOH
60 2 80.9
60 48 0.0
37 48 29.7

Hydrolysis: RHT in water 60 48 99.2
37 48 99.7

Oxidation: RHT in 30% (w/v) H2O2
60 48 0.0
37 48 79.6
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demonstrates that there was no matrix interference and the
method is selective or speci�c for analysis of RHT under
various conditions.

3.3. Linearity. �e detector response to various concen-
trations of RHT in two media produced a linear relationship.
For 50 µL injections of RHT in vitamin E-TPGS (following
200 times dilution with the mobile phase), the regression
plot demonstrated a nearly perfect linear relationship (co-
e©cient of variance was 0.9999) over the concentration
range of 0.5–10 µg/mL that covered the concentrations en-
countered in the RHT loading analysis. �e same concen-
tration range of RHT in PBS also demonstrated a good linear
relationship with a coe©cient of variance of 0.9998.

3.4. Precision. �e precision study was also conducted with
the three media used in the selectivity study (Table 3). All
RSD values were well below the nominally acceptable level of
≤2% [40]. Even at the low concentrations of RHT (1μg/mL),
the RSD of 1.04–1.28% was achieved, demonstrating that the
method is precise.

3.5. LOD and LOQ. �e LOD of an analytical procedure is
the lowest detectable amount of an analyte in a sample but

not necessarily a quanti�able value. For the current method,
the lowest detectable concentration of RHT in both solvent
systems was 60 ng/mL.

�e LOQ is the lowest amount of the drug in the sample
that can be con�dently quanti�ed using the method. For the
current method, the lowest quanti�able concentration of
RHT in both solvent systems was 201 ng/mL. �e LOD and
LOQ is in a comparable range or even better than other
published methods [14, 27], and this method can also meet
the analytical requirements of dual-ligand NP formulation
development and evaluation.

3.6. Intra- and Interday Repeatability. �e intra- and
interday repeatability data are shown in Table 4. All RSD
values of repeated analysis were within the acceptable limit
of ≤2% [40]. �e ruggedness study performed by di�erent
analysts also demonstrated similar trend with RSD values
below 2% (data not shown). �ese results suggest that the
developed method is rugged.

3.7. Accuracy. �e accuracy of a method demonstrates
that the assay can accurately quantify the molecule(s)
of interest in the presence of other possible interfering
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Figure 2: HPLC chromatogram of RHT under various stress conditions conducted at 37°C for 48 hours. (a) Acid degradation, (b) alkali
degradation, (c) hydrolysis, and (d) oxidation. Analysis of RHTwas not interfered by the degradation products (∗). Peak purity reports are
shown in the insets, con�rming that the RHT peaks are pure and the purity factors are within the calculated threshold limit.
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components such as excipients, reactions components,
release medium, and cellular transport medium. ,e ac-
curacy of the proposed method was calculated as per-
centage recovery from the six concentrations covering the
entire RHT concentration range within the calibration

curve. RHT was successfully recovered from all samples
in three experimental media (Table 5) with an accuracy
of 99.5 ± 1%, which is within the acceptable range [40].
,is suggests that none of the matrices in the dual-ligand
nanoparticle formulation or medium/buffer is interfering
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Figure 3: HPLC chromatograms illustrating absence of any matrix interfering peak around the RHT retention time (6.9 minutes).
Chromatograms of (a) empty dual-ligand NPs matrix, (b) RHT-loaded dual-ligand NPs matrix, (c) release medium after 24-hour release
study of empty dual-ligand NPs, (d) release medium after 24-hour release study of RHT-loaded dual-ligand NPs, (e) cell transport medium,
and (f) released RHT from NPs in cell transport medium after the transport study.
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with the assay of RHT. It can be concluded that the de-
veloped HPLC assay method can be used to produce ac-
curate data.

4. Conclusion

To assist the development of dual-ligand NP formulations
for brain drug delivery, we have developed a simple, fast,
accurate, and reliable HPLCmethod for RHTanalysis during
the formulation development and evaluation. ,is HPLC
method has been validated for analysis of RHT loading in
dual-ligand NPs preparations, in vitro drug release, and
cellular transport studies. ,e chromatographic separation
was achieved using a C18 column maintained at 50°C and an
isocratic mobile phase consisting of TFA containing ACN
and water with a flow rate of 1.5mL/min. ,e method
exhibited good linearity over the assayed concentration
range and good intra- and interday precision.,e developed
HPLC method is accurate, selective, and rugged for RHT

analysis with good detection and quantification limits and is
suitable for its intended use. ,is stability indicating ana-
lytical method can be adapted easily to analyse RHT in
pharmaceutical formulations and biological matrices and for
the future use in HPLC-MS analysis.
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Table 3: ,e precision of the HPLC method for determination of RHT.

RHT conc.
(µg/mL)

RHT in NPs matrix RHT in release medium RHT in cell transport medium
Average RHT peak area

(mAU× sec)
RSD
(%)

Average RHT peak area
(mAU× sec)

RSD
(%)

Average RHT peak area
(mAU× sec)

RSD
(%)

1 36.50 1.04 36.22 1.28 36.02 1.06
4 145.97 0.59 145.82 0.67 144.24 0.66
6 219.73 0.49 220.98 0.28 218.64 0.48
10 370.20 0.17 369.30 0.19 369.15 0.23

Table 4: Intra- and interday repeatability of RHT analysis in NPs matrix, release medium, and cell transport medium.

RHT concentrationa

(µg/mL)

RHT in NPs matrix (200x diluted
in mobile phase) RHT in release medium RHT in cell transport medium

Intraday RSDb Interday RSDc Intraday RSDb Interday RSDc Intraday RSDb Interday RSDc

1 0.69 1.32 0.73 0.64 0.94 1.24
5 0.92 0.92 0.65 1.11 0.51 1.11
10 0.49 1.19 0.35 1.02 0.15 0.95
aEach concentration was analysed in triplicate (n � 3); bthe analyses were carried out at 0, 3, and 8 hrs on the same day, and all data were included in the
calculation; cthe analyses were carried out at days 1 and 2, and all data were included in the calculation.

Table 5: Accuracy data for RHT in NPs matrix, release medium, and cell transport medium.

Prepared RHT
concentration (µg/mL)

RHT in NPs matrix RHT in release medium RHT in cell transport medium
Measured

concentration (µg/mL)
Recovery

(%)
Measured

concentration (µg/mL)
Recovery

(%)
Measured

concentration (µg/mL)
Recovery

(%)
0.50 0.49± 0.13 98.0± 0.2 0.49± 0.11 98.4± 0.1 0.49± 0.16 98.6± 0.2

2.00 1.99± 0.16 99.5± 0.3 2.01± 0.10 100.5±
0.3 2.00± 0.12 99.8± 0.2

4.00 3.96± 0.19 99.0± 0.3 4.04± 0.24 101.0±
0.2 3.95± 0.31 98.7± 0.3

6.00 5.97± 0.11 99.5± 0.1 5.95± 0.25 99.2± 0.2 5.93± 0.15 98.8± 0.2

8.00 8.03± 0.16 100.4±
0.3 7.98± 0.19 99.8± 0.6 7.97± 0.16 99.6± 0.2

10.00 9.99± 0.37 99.9± 0.2 9.99± 0.15 99.9± 0.2 9.98± 0.24 99.8± 0.1
Mean± SD� 99.4± 0.8 Mean± SD� 99.8± 0.9 Mean± SD� 99.2± 0.9
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Qing-Hua-Yu-Re-Formula (QHYRF), a new herbal preparation, has been extensively used for treating diabetic cardiomyopathy.
However, the chemical constituents of QHYRF remain uninvestigated. In the present study, rapid ultrahigh-performance liquid
chromatography coupled with quadrupole-time-of-flight mass spectrometry (UHPLC-Q-TOF/MS) was used to qualitatively
analyze the components of QHYRF. Qualitative detection was performed on a Kromasil C18 column through the gradient elution
mode, using acetonitrile-water containing 0.1% formic acid. Twenty-seven compounds were identified or tentatively charac-
terized, including 12 phenolic acids, nine monoterpene glycosides, two flavonoids, three iridoids, and one unknown compound.
Among these, six compounds were confirmed by comparing with standards. A high-performance liquid chromatography (HPLC)
method was developed to simultaneously determine the following six active components in QHYRF: danshensu, paeoniflorin,
acteoside, lithospermic acid, salvianolic acid B, and salvianolic acid C. /ese HPLC chromatograms were monitored at 254, 280,
and 320 nm. /e method was well validated with respect to specificity, linearity, limit of detection, limit of quantification,
precision, stability, and recovery. /e HPLC-UV method was successfully applied to 10 batches of QHYRF.

1. Introduction

An increasing number of people have suffered from diabetes
in recent years, and cardiovascular complications secondary
to diabetes have become the main cause of death in diabetic
patients. /e incidence of cardiovascular disease in patients
with diabetes is 2-3 times higher than that of nondiabetic
patients [1]. Diabetic cardiomyopathy (DCM), a specific
cardiomyopathy and one of the major cardiac complications
in diabetic patients, was found in diabetic patients without
significant coronary artery atherosclerosis by Rubler et al. in
1972 [2]. Few clinical symptoms were observed in early
DCM.However, with the further development of the disease,
patients have becomemore susceptible to heart failure due to
myocardial microvascular and metabolic disorders, which
lead to changes in myocardial cell dysfunction and structure.

Moreover, DCM is closely related to the high incidence of
cardiovascular disease and high mortality in patients with
diabetes. It was reported that the prevalence of DCM in
patients with type 2 diabetes is approximately 12% [3].

At present, controlling blood sugar and improving heart
failure are the main ways to overcome DCM. However,
treatment with Western medicine remains unsatisfactory.
/erefore, the diagnosis and therapy for DCM have pres-
ently become pressing problems. Traditional Chinese herbal
formulation (TCMF) has been widely used in clinic due to its
well-proven efficacy and few side effects. /e Qing-Hua-Yu-
Re-Formula (QHYRF) is a new herbal preparation for
treating DCM, which was developed by Professor Wang Xu,
according to the clinic experience of Chinese Medicine
Master Professor Zhou Zhongying. /e recipe of QHYRF
comprises six herbal medicines: radix rehmanniae recen,
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Salvia miltiorrhiza Bge, cortex moutan, Rhizoma coptidis,
radix paeoniae rubra, and Euonymus alatus. Emerging ev-
idences have indicated that the six major active components
(danshensu, paeoniflorin, acteoside, lithospermic acid, sal-
vianolic acid B, and salvianolic acid C) in QHYRF protect
cardiomyocytes by antioxidation, anti-inflammation, anti-
apoptosis, and decreasing calcium overload [4–7]. More-
over, clinical studies have shown that QHYRF could
effectively improve symptoms in patients with DCM, in-
cluding blood sugar, blood rheology, and left ventricular
structure and function. According to the known effective
components, we speculate that the effect of myocardial
protection of QHYRF could be achieved through the fol-
lowing methods: (1) increase myocardial glucose transporter
gene expression to improve glucose and lipid metabolism;
(2) decrease the level of inflammatory cytokine hypersen-
sitive C-reactive protein and tumor necrosis factor-alpha, and
increase serum adiponectin levels to reduce inflammation; (3)
reduce glucose toxicity; (4) increase insulin sensitivity and
improve insulin resistance; (5) reduce the apoptosis of cardiac
muscle cells and decrease the PAI-1 level of the fibrinolysis
system; (6) improve blood stasis [8, 9].

It has been widely accepted that the chemical compo-
sition of traditional Chinese medicine (TCM) is complex,
and its improper use may cause toxic effects [10]. /erefore,
the quality control of TCM is extremely important. How-
ever, few researches have been carried on the chemical
composition of QHYRF. Furthermore, the specific content
of its main ingredients remains unknown. It should be noted
that the constituents and contents of the main active
components of QHYRF may be influenced by harvest time,
plant origin, and manufacturing procedures [10, 11]. /us,
there is an urgent need to develop an effective method for
QHYRF quality control, in order to guarantee its pharma-
cological efficacy.

In the present study, both qualitative and quantitative
approaches were developed for the comprehensive quality
control of QHYRF. Twenty-seven compounds were iden-
tified or tentatively characterized by ultrahigh-performance
liquid chromatography coupled with quadrupole-time-of-
flight mass spectrometry (UHPLC-Q-TOF/MS), including
12 phenolic acids, nine monoterpene glycosides, two fla-
vonoids, three iridoids, and one unknown compound.
Moreover, a simple, reliable, and sensitive analytical method,
the high-performance liquid chromatography with ultravi-
olet detection (HPLC-UV) method, was used to determine
the quantity of the six major active components (danshensu,
paeoniflorin, acteoside, lithospermic acid, salvianolic acid B,
and salvianolic acid C) of QHYRF./e potential application
of the present study not only supports the quality control of
QHYRF but also provides a theoretical research basis for the
further research of QHYRF in clinic.

2. Experimental

2.1. Chemicals andMaterials. Six crude herbs (cortex mouta,
Rhizoma coptidis, Euonymus alatus, Rehmannia glutinosa,
Salvia miltiorrhiza, and Paeonia lactiflora) were obtained
from the pharmacy in Nanjing Hospital of Traditional

Chinese Medicine, according to the Chinese Pharmacopoeia
(2010 edition). /e standard compounds (purity> 98%;
danshensu, paeoniflorin, acteoside, lithospermic acid, sal-
vianolic acid B, and salvianolic acid C) were purchased from
Sichuan Victor Biotechnology Co., Ltd. HPLC-grade ace-
tonitrile was obtained from Merck Co. All solutions and
dilutions were prepared with ultrapure water obtained from
a Milli-Q water purification system.

/e extraction procedures for QHYRF total fraction
were as follows: first, 15 g of radix rehmanniae recen, 15 g of
Salvia miltiorrhiza Bge, 10 g of paeonol, 5 g of Rhizoma
coptidis, 10 g of radix paeoniae rubra, and 10 g of Euonymus
alatus were extracted twice with water (×8) to yield a crude
extract. Second, the crude extract was concentrated and
spray-dried to obtain the final product.

2.2. Sample Preparation. /e samples were prepared as fol-
lows: 20mg of QHYRF total fraction was dissolved in 1mL
of methanol and ultrasonicated for 15 minutes. /en, the
sample solution was centrifuged at 12,000 rpm for 10 minutes,
transferred to vials, and subjected to UHPLC-Q-TOF/MS and
HPLC-UV analysis.

2.3. UHPLC-Q-TOF/MS Analysis. /e analytical included
a Shimadzu UHPLC system and a Q-TOF 5600-plus mass
spectrometer equipped with Turbo V source and a Tur-
boIonSpray interface (AB Sciex) and an Agilent 1100 LC-UV
system with ChemStation (Agilent). /e chromatographic
conditions were as follows [12]: Kromasil C18 column
(4.6×150mm, 5 μm) at 35°C, sample injection volume,
10 μL; mobile phases, water containing 0.1% formic acid
(solvent A) and acetonitrile (solvent B); gradient program
was employed according to the following programmer: 0–5
minutes, 5–15% B; 5–10 minutes, linear increase to 20% B;
10–20 minutes, linear increase to 25% B; 20–30 minutes,
linear increase to 100% B; 30–35 minutes, hold on 100% B.

/e operating parameters for Q-TOF/MS were set as
follows [12]: ion spray voltage, −4.5 kV; collision energy,
−35 eV; nebulizer gas (gas 1), 55 psi; declustering potential,
−60V; heater gas (gas 2), 55 psi; turbo spray temperature,
550°C; curtain gas, 35 psi; resolution, 20,000. Full-scan data
acquisition was performed from m/z 100 to 1500 in the
negative mode.

2.4. HPLC-UV Analysis. /e analysis was performed on
a Shimadzu HPLC system. Chromatographic separation was
achieved on an XBridge C18 column (4.6×150mm, 5 μm).
/e temperature of the column oven was set at 30°C, and the
flow rate was 1.0mL/min. /e sample injection volume was
10 μL. /e mobile phases were a mixture of water with 0.1%
formic acid (solvent A) and acetonitrile (solvent B). A
gradient program was employed according to the following
profile: 0–10 minutes, 10–15% B; 10–25 minutes, linear in-
crease to 30% B; 25–60 minutes, linear increase to 100% B.
/e UV wavelength was set at 254 nm (paeoniflorin, lith-
ospermic acid, and salvianolic acid B), 280 nm (danshensu
and salvianolic acid C), and 320 nm (acteoside).
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2.5. Validation of the Established HPLC-UV Approach. �e
stock solution that contained the six reference compounds
(0.5mg/mL danshensu, 25mg/mL paeoni�orin, 1mg/mL
acteoside, 1mg/mL lithospermic acid, 10mg/mL salvia-
nolic acid B, and 1mg/mL salvianolic acid C) was prepared
in methanol and stored at 4°C. In order to establish the
calibration curves, the stock solution was diluted to ap-
propriate concentrations. Solutions that contained di�erent
concentrations of the six standard compounds were injected
in triplicate. �e calibration curves were peak areas versus
the concentration for each compound [12].

�e limit of detection (LOD) was determined as a signal-
to-noise ratio equal to 3, and the limit of quanti�cation (LOQ)
was based on 10 times of the signal-to-noise ratio value.

�e precision was evaluated by intraday and interday
variability. Intraday reproducibility was carried out by an-
alyzing the individual sample solution six times within one
day. For interday variability, six samples were determined six
times in three consecutive days.

A stability study was performed with a sample solution
checked at 0, 4, 8, 12, and 24 hours. Variations were
expressed by relative standard deviations (RSDs).

Recovery studies were carried out by spiking known
amounts of the reference compounds at low, medium, and
high concentration in the samples. �en, the spiked samples
were thoroughly mixed, extracted, and analyzed in accordance
with the methods mentioned above. Recovery (%)� (amount
found−original amount)/amount spiked× 100% [12].

2.6. Application to Di�erent Batches of QHYRF. �e estab-
lished HPLC-UV method was subsequently employed for
the simultaneous quanti�cation of danshensu, paeoni�orin,
acteoside, lithospermic acid, salvianolic acid B, and salvia-
nolic acid C in QHYRF from 10 di�erent batches.

3. Results and Discussion

3.1. UHPLC-Q-TOF-MS Analysis. �e UHPLC-Q-TOF/MS
approach was employed for the separation and identi�cation
of compounds inQHYRF.�e total ion current chromatogram

is shown in Figure 1. A total of 27 compounds were
identi�ed, including 12 phenolic acids, nine monoterpene
glycosides, two �avonoids, three iridoids, and one un-
known compound.�e detailed information is displayed in
Table 1. �e retention time and fragmentation information
of compounds 2, 11, 16, 22, 23, and 26 were compared with
that of the standard compounds.

Phenolic acids were themajor components of QHYRF. A
total of 12 phenolic acids were identi�ed and tentatively
characterized based on their mass data and reports in lit-
erature. �ese always exhibited a unique fragmentation
behavior. �e characteristic mass behaviors of these phe-
nolic compounds were the losses of danshensu (198Da) and
ca�eic acid (180Da) molecules. Peak 2 revealed the [M-H]−
ion at m/z 197.0467 and gave the element composition of
C9H10O5. In the MS2 spectra, the ions at m/z 135 and 179
were observed, which was consistent with that of danshensu.
In comparison with the reference, compound 2 was un-
ambiguously identi�ed as danshensu (Figure 2(a)). Peaks 20,
23, and 24 displayed the same [M-H]− ion at m/z 717.1472
(C36H30O16). In comparison with standard compound,
compound 23 was unambiguously assigned as salvianolic
acid B (Figure 2(e)). �e product ion atm/z 339 was formed
due to the disconnection of another ca�eic acid (180Da)
molecule from the deprotonated daughter ion [M-H-198]−
atm/z 519. Further loss of H2O led to the yield of product ion
at m/z 321. Peaks 20 and 24 shared the same MS2 ions with
that of compound 23. Compared with literatures [13, 14],
compounds 20 and 24 was plausibly deduced as salvianolic
acid E and isosalvianolic acid B. Peaks 14, 18, and 22 were
a group of isomeric compounds, and these displayed [M-H]−

ions at m/z 537.1041 (C27H22O12). �ese had similar frag-
mentation pathways to those of salvianolic acid A and
generated similar fragment ions at m/z 313, 295, and 185.
Peak 22 was unequivocally identi�ed as lithospermic acid by
comparison with the standard (Figure 2(d)). According to
the literature [14], peaks 18 and 14were tentatively identi�ed
as salvianolic acid H or salvianolic acid A. Peak 19 revealed
the [M-H]− ion at m/z 417.0826 and gave the element
composition of C20H18O10. �is generated a series of frag-
ment ions at m/z 373, 197, 179, and 175. Compared with the
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Figure 1: TIC chromatogram of QHYRF using UHPLC-Q-TOF/MS.

45Rapid Screening and Quantitative Determination of Active Components in Qing-Hua-Yu-Re Formula...

__________________________ WORLD TECHNOLOGIES __________________________



WT
literature [15], compound 19 was tentatively deduced as
salvianolic acid D. Peak 21 displayed the [M-H]− ion at m/z
359.0775 and produced fragment ions at m/z 197, 179, and
161. In comparison with the reference [15], compound 21
was plausibly assigned as rosmarinic acid. Peak 26 gave an

[M-H]− ion atm/z 491.0983 with the molecular composition
C26H20O10. Compared with the standard, peak 26 was un-
equivocally identified as salvianolic acid C (Figure 2(f)).
Peaks 5 and 10 displayed the same [M-H]− ion at m/z
367.1033 with the molecular composition C17H20O9. /ese

Table 1: MS1 and MS2 information of the QHYRF.

Number tR
(min) MS1 MS2 Formula Error Identification Source

1 3.7 719.2063 359.0976, 197.0432, 179.0326 C48H32O7 −1.7 — —

2∗ 4.9 197.0467 179.0340, 135.0448, 123.0452, 72.9960 C9H10O5 5.9 Danshensu Salvia
miltiorrhiza

3 7.5 495.1498 465.1405, 345.1118, 137.0228 C23H28O12 −2.0 Oxypaeoniflorin Paeonia
lactiflora

4 8.7 525.1612 495.1546, 167.0338 C24H30O13 −0.3 Mudanpioside E Salvia
miltiorrhiza

5 9.0 367.1033 193.0490, 134.0362 C17H20O9 −0.4 5-O-Feruloylquinic acid Salvia
miltiorrhiza

6 11.1 505.1562 459.1522, 293.0870, 165.0543, 150.0308 C20H28O12 3.0 Paeonolide Paeonia
lactiflora

7 12.4 505.1563 459.1526, 293.0873, 233.0656, 165.0547,
150.0310 C20H28O12 0.0 Apiopaeonoside Salvia

miltiorrhiza

8 13.0 647.1615 629.1577, 509.1336, 491.1226,399.0946,
313.0565, 271.0453 C30H32O16 −0.4

6-O-Galloyloxypaeoni-
florin

Paeonia
lactiflora

9 13.3 785.252 623.2223, 477.1619, 179.0345, 161.0227 C35H46O20 1.3 Echinacoside Rehmannia
glutinosa

10 13.8 367.1036 193.0487, 191.0543, 173.0439, 134.0362 C17H20O9 0.4 3-O-Feruloylquinic acid Salvia
miltiorrhiza

11∗ 14.8 525.1608 479.1554, 449.1453, 327.1069, 165.0539,
121.0288 C24H30O13 −1.1 Paeoniflorin Paeonia

lactiflora
12 17.5 611.1621 445.0995, 343.0670, 169.0124 C27H32O16 0.6 Hydroxysafflor yellow A —

13 17.9 611.1621 445.0998, 169.0131 C27H32O16 0.6 Hydroxysafflor yellow A
isomer —

14 18.3 537.1041 493.1154, 313.0515, 295.0600, 185.0230 C27H22O12 0.5 Salvianolic acid A Salvia
miltiorrhiza

15 18.6 525.16 479.1589, 449.1472, 317.1086, 283.0818,
121.0293 C24H30O13 −0.1 Paeoniflorin isomer Paeonia

lactiflora

16∗ 18.9 623.1979 461.1680, 161.0237 C29H36O15 −0.4 Acteoside Rehmannia
glutinosa

17 20.3 623.1983 461.1683, 161.0234 C29H36O15 0.2 Forsythoside A Rehmannia
glutinosa

18 20.6 537.1034 493.1155, 313.0502, 295.0594, 185.0226 C27H22O12 −0.8 Salvianolic acid H Salvia
miltiorrhiza

19 20.8 417.0826 373.0918, 197.0432, 179.0328, 175.0379,
152.0279 C20H18O10 −0.3 Salvianolic acid D Salvia

miltiorrhiza

20 22.2 717.1472 519.0950, 339.0500, 321.0395, 295.0597 C36H30O16 1.5 Salvianolic acid E Salvia
miltiorrhiza

21 23.1 359.0775 197.0442, 179.0334, 161.0233, 133.0287 C18H16O8 0.7 Rosmarinic acid Salvia
miltiorrhiza

22∗ 23.5 537.1037 493.1172, 313.0509, 295.0608, 185.0236 C27H22O12 −0.3 Lithospermic acid Salvia
miltiorrhiza

23∗ 24.9 717.1456 519.0939, 339.0489, 321.0386, 295.0590,
279.0277 C36H30O16 −0.7 Salvianolic acid B Salvia

miltiorrhiza

24 26.3 717.1468 519.0936, 339.0487, 321.0385, 295.0588,
279.0275 C36H30O16 1.0 Isosalvianolic acid B Salvia

miltiorrhiza

25 27.0 599.1769 569.1709, 477.1430, 137.0234 C30H32O13 −0.2 Benzoyloxypaeoniflorin Paeonia
lactiflora

26∗ 30.7 491.0983 311.0556, 293.0440, 265.0492, 197.0440,
135.0442 C26H20O10 −0.1 Salvianolic acid C Salvia

miltiorrhiza

27 31.0 629.1872 583.1838, 553.1730, 431.1342, 165.0541,
121.0287 C30H32O12 −0.6 Benzoylpaeoniflorin Paeonia

lactiflora
∗Indicated compared with standards. /e bold numbers represent the most abundant ions.
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Figure 2: MS2 spectra of peak 2 (a), peak 11 (b), peak 16 (c), peak 22 (d), peak 23 (e), and peak 26 (f) in the QHYRF.
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WT
two compounds yielded similar product ions atm/z 193 and
134. Compared with literatures [16, 17], compounds 5 and 10
were tentatively assigned as 5-O-feruloylquinic acid and 3-
O-feruloylquinic acid, respectively.

Monoterpene glycosides exhibited quasi-molecular ions
[M-H]− and [M-H+HCOO]− in the negative ion mode. �e
chemical structure of aglycones is a “cage-like” pinane
skeleton, which is very unusual among natural products.
�e monoterpene glycosides in QHYRF were usually es-
teri�ed with an aromatic acid such as benzoic acid, vanillic
acid, methoxybenzoic acid, and gallic acid. A total of nine

monoterpene glycosides were identi�ed. Peaks 4, 11, and 15
displayed the same [M-H]− ion at m/z 525 with the mo-
lecular composition C24H30O13. Peaks 11 and 15 produced
the same product ions at m/z 479, 449, and 121. In com-
parison with the standard, peak 11 was unambiguously
identi�ed as paeoni�orin (Figure 2(b)). Peak 15 was plau-
sibly assigned as the paeoni�orin isomer. Peak 4 yielded the
product ions at m/z 495 and 167. In comparison with the
literature [18], peak 4 was deduced as mudanpioside E. Peak
3 gave the [M-H]− ions atm/z 495.1498 (C23H28O12) and was
16Da (O) more than that of paeoni�orin. It produced
fragment ions at m/z 465.1437 ([M-H-HCOH]−), indicating
that peak 3 may be oxypaeoni�orin based on a previously
reported literature data [13]. Peaks 6 and 7 displayed the
same [M-H]− ions at m/z 505.1562 (C20H28O12) and gen-
erated similar product ions at m/z 459, 293, and 150.
Compared with literatures [19], peaks 6 and 7 were tenta-
tively deduced as paeonolide and apiopaeonoside, re-
spectively. Peak 8 revealed the [M-H]− ion at m/z 647.1615,
which was 152Da (galloyl group, C7H4O4) more than that
of peak 3. This produced fragment ions at m/z 629, 509,
and 491 by a series of losses of one H2O molecule, one
benzoic acid molecule, and one H2O molecule, respectively.
Compared with the literature [20], peak 8 was tentatively
characterized as 6-O-galloyloxypaeoni�orin. Peak 25 gave
the [M-H]− ions at m/z 599.1769 (C30H32O13) and was 104
Da more than that of peak 3. This produced fragment ions at
m/z 569 and 477, indicating that peak 25 may be benzoy-
loxypaeoni�orin, based on a previously reported literature
data [19]. Peak 27 revealed the [M-H]− ions at m/z 629.1872
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Figure 3: Chemical structure of danshensu (a), paeoni�orin (b), acteoside (c), lithospermic acid (d), salvianolic acid B (e), and salvianolic
acid C (f).
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Figure 4: HPLC chromatogram of QHYRF using UV detector.
Danshensu (1), paeoni�orin (2), acteoside (3), lithospermic acid
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WTand was 104Da more than that of paeoniflorin. Compared
with the literature [16], peak 27 was tentatively characterized
as benzoylpaeoniflorin.

Iridoids were also observed in the formula. Peaks 16 and
17 revealed the same [M-H]− at m/z 623 and produced the
same fragments at m/z 461 and 161. Compared with the
standard, compound 16 was unambiguously identified as
acteoside (Figure 2(c)). /e retention time of peak 17 was
a little later than that of peak 16. Compared with the lit-
erature, compound 17 was tentatively deduced as for-
sythoside A. Peak 9 displayed the [M-H]− ion at m/z
785.2520 with the molecular composition C35H46O20. /is
produced product ions at m/z 623 [M-Glc]−, 477 [M-Glc-
Ara]−, and 179. In comparison with the literature, com-
pound 9 was tentatively deduced as echinacoside. Peaks 12
and 13 revealed the same [M-H]− ions at m/z 611.1621 and
yielded product ions atm/z 445 and 169. Compared with the
reference [21], compounds 12 and 13 were tentatively
characterized as hydroxysafflor yellow A and its isomer.

3.2. Development and Validation of the HPLC-UV Approach.
/e HPLC separation conditions were optimized including
the mobile phase system, column temperature, and UV
detection wavelength. In order to obtain chromatograms
with better resolution of the adjacent peaks and shorter time,
methanol and acetonitrile were compared in the experiment.
/e result indicated that acetonitrile was better than
methanol due to shorter analysis time and better peak shape.
In addition, the different column temperatures were also
optimized. Finally, 30°C was chosen as the best column
temperature. Under present HPLC conditions, the samples
of QHYRF and standard solutions were analyzed. /e UV
absorption and detection wavelength of each compound
were confirmed as follows: paeoniflorin, lithospermic acid
and salvianolic acid B (254 nm), danshensu and salvianolic

acid C (280 nm), and acteoside (320 nm) (chemical structure
is shown in Figure 3).

According to the representative chromatograms of the
standard solution, sample solution, and negative control samples
solution, it could be found that the determination of these six
compounds does not interfere with each other (Figure 4).

/e calibration curves of danshensu, paeoniflorin,
acteoside, lithospermic acid, salvianolic acid B, and salvianolic
acid C were linear within the range of 2.6–500, 20.8–25,000,
5.2–1000, 10.4–1000, 5.2–10,000, and 10.4–1000 μg/mL, re-
spectively. /e correlation coefficient (R2) of all six standards
revealed a good linearity of >0.991 in the aforementioned
ranges. /e LODs and LOQs of these six compounds were
0.6–5.0 and 2.6–20.8μg/mL, respectively (Table 2).

Intraday and interday variations were chosen to eval-
uate the precision of the method./ese results are shown in
Table 2. It was revealed that the intraday and interday RSDs
were within the range of 1.6%–4.8% and 1.2%–2.2% (n � 6).
/e stability of six major compounds ranged from 2.8% to
4.7%, which met the requirements of the analytical approach
(Table 3).

/e recovery data are shown in Table 4, which represents
the accuracy of the method and was sufficient for the
analysis. /e measured data indicated that the recovery of
these six components ranged from 99.0% to 104.7%.

3.3. Application. /e established HPLC-UV approach was
employed for simultaneously quantifying the six active
components in 10 batches of QHYRF. /ese results are
presented in Table 5. Furthermore, these results revealed that
there were small differences among the contents of the six
major constituents in different batches of QHYRF.

Optimized chromatographic conditions for the good
resolution of adjacent peaks were achieved after several trials
with elution systems of acetonitrile-water, methanol-water,
acetonitrile-acid, and methanol-acid in different proportions.

Table 2: Linear regression data, LODs, and LOQs of six compounds.

Components Regression equations R2 Linear range (μg/mL) LODs (μg/mL) LOQs (μg/mL)
Danshensu y� 5508.1x+ 5.404 0.9999 2.6–500 0.7 2.6
Paeoniflorin y� 419.45x− 6.7219 0.9994 20.8–25,000 5.0 20.8
Acteoside y� 3283.3x− 11.072 0.9997 5.2–1000 1.0 5.2
Lithospermic acid y� 12900x− 123.54 0.9991 10.4–1000 0.6 10.4
Salvianolic acid B y� 1616.6x− 9.4854 0.9993 5.2–10,000 2.0 5.2
Salvianolic acid C y� 19071x+ 88.12 1.0000 10.4–1000 0.8 10.4
y�Ax+B; y is the peak area; x is the concentration of the analytes; R2 is the correlation coefficient of the equation.

Table 3: Precision and stability of six compounds in QHYRF (n � 6).

Components
Precision

Stability RSD (%)
Intraday RSD (%) Interday RSD (%)

Danshensu 3.8 2.2 4.7
Paeoniflorin 1.6 1.7 4.2
Acteoside 4.3 1.2 2.8
Lithospermic acid 4.1 1.6 2.8
Salvianolic acid B 4.8 2.1 2.4
Salvianolic acid C 4.7 1.2 3.9
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It was found that the presence of 0.1% fomic acid resulted in
the significant improvement on the retention behavior of the
different components. /e optimal mobile phase, which
consists of acetonitrile-0.1% fomic acid, was finally employed.
/is led to its high resolution and symmetrical peak shape.

According to the theory of TCM,QHYRFwas prepared by
six herbal medicines to cure the disease of diabetic cardio-
myopathy. /e presence of the researched active compounds
in QHYRF was proved, making it possible to suggest a ther-
apeutic effect in clinical applications. However, it enhances the
complexity of the constituents and preparation procedures,
whichmake it difficult to ensure the batch-to-batch uniformity
of QHYRF. /us, the quantitative measurement of its bio-
active components is extremely necessary during the prepa-
ration and application of this prescription.

In recent years, methods for multicomponent analysis
have become a credible solution for the analysis of
a complex system in TCM. At present, we developed
a sensitive HPLC-UV method to simultaneously quantify
six active components in 10 different batches of QHYRF.
A slight variation was observed in the different batches
of QHYRF during the determination of the six major
constituents, which reveal that the present preparation
of QHYRF has good reproducibility. Furthermore, good

reproducibility ensures the safety and effects of QHYRF in
clinical application.

4. Conclusion

In summary, a simple and sensitive UHPLC-Q-TOF/MS
method was established to qualitatively analyze the
chemical components of QHYRF. Twenty-seven com-
pounds were identified or tentatively characterized based on
retention time, and MS1 and MS2 data, or by comparing
with standards and literatures. /ese compounds include
12 phenolic acids, nine monoterpene glycosides, two fla-
vonoids, three iridoids, and one unknown compound. A
HPLC-UV method for the simultaneous determination of
six active components fromQHYRFwas developed and well
validated, showing its excellent precision, stability, and
recovery. In addition, these results indicate a slight variation
in the contents of the six major constituents among the
different batches of QHYRF. /is is the first comprehensive
study that qualitatively and quantitatively determined the
chemical constituents of QHYRF using UHPLC-Q-
TOF/MS and HPLC-UV. /us, these findings could serve
as a foundation for the quality control or further research of
QHYRF.

Table 4: Recovery of six compounds in QHYRF (n � 3).

Components Contents Quantity added /eoretical amount Recorded amount Recovery RSD
(mg/mL) (mg/mL) (mg/mL) (mg/mL) (%) (%)

Danshensu 0.22
0.05 0.27 0.27 100.6 1.7
0.11 0.33 0.33 100.0 3.3
0.2 0.42 0.42 100.2 1.8

Paeoniflorin 12.32
2.45 14.77 14.78 100.4 0.4
4.95 17.27 17.27 100.0 2
7.85 20.17 20.17 100.0 5.4

Acteoside 0.07
0.15 0.22 0.22 103.1 3.7
0.22 0.29 0.29 99.0 5.5
0.42 0.49 0.49 100.6 5.3

Lithospermic acid 0.1
0.08 0.18 0.18 102.6 4.3
0.15 0.25 0.25 103.3 5.4
0.27 0.37 0.38 102.2 1.7

Salvianolic acid B 4.96
1 5.96 5.96 99.9 3.7

2.23 7.19 7.19 100.0 3.5
3.41 8.37 8.37 100.1 2.2

Salvianolic acid C 0.01
0.09 0.1 0.10 103.6 3
0.21 0.22 0.22 99.0 2.3
0.35 0.36 0.38 104.7 4.8

Table 5: Content of six components in 10 batches of the QHYRF.

Components
Content (mg/g)

1 2 3 4 5 6 7 8 9 10
Danshensu 9.8 10.0 9.8 10.0 10.0 9.8 10.1 10.2 10.0 9.7
Paeoniflorin 582.6 591.2 612.4 579.8 617.3 591.4 609.3 582.4 582.0 601.4
Acteoside 3.4 3.4 3.3 3.4 3.3 3.3 3.5 3.2 3.4 3.4
Lithospermic acid 4.5 4.7 4.6 4.4 4.5 4.6 4.6 4.5 4.6 4.6
Salvianolic acid B 265.9 266.4 260.5 260.7 263.4 262.6 272.8 263.5 264.8 270.7
Salvianolic acid C 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5 0.5
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Fermented Cordyceps sinensis, the succedaneum of Cordyceps sinensiswhich is extracted and separated from Cordyceps sinensis by
artificial fermentation, is commonly used in eastern Asia in clinical treatments due to its health benefit. In this paper, a new
strategy for differentiating and comprehensively evaluating the quality of products of fermented Cordyceps sinensis has been
established, based on high-performance liquid chromatography (HPLC) fingerprint analysis combined with similar analysis (SA),
hierarchical cluster analysis (HCA), and the quantitative analysis of multicomponents by single marker (QAMS). Ten common
peaks were collected and analysed using SA, HCA, and QAMS. *ese methods indicated that 30 fermented Cordyceps sinensis
samples could be categorized into two groups by HCA. Five peaks were identified as uracil, uridine, adenine, guanosine, and
adenosine, and according to the results from the diode array detector, which can be used to confirm peak purity, the purities of
these compounds were greater than 990. Adenosine was chosen as the internal reference substance.*e relative correction factors
(RCF) between adenosine and the other four nucleosides were calculated and investigated using the QAMS method. Meanwhile,
the accuracy of the QAMS method was confirmed by comparing the results of that method with those of an external standard
method with cosines of the angles between the groups. No significant difference between the two methods was observed. In
conclusion, the method established herein was efficient, successful in identifying the products of fermented Cordyceps sinensis,
and scientifically valid to be applicable in the systematic quality control of fermented Cordyceps sinensis products.

1. Introduction

In recent years, fermented Cordyceps sinensis, as a substitute
for natural Cordyceps sinensis, has been attracting increasing
attention from across the globe. Some of the major products
prepared from fermented Cordyceps sinensis include Jin-
shuibao capsules, Jinshuibao tablets, and Bailing capsules.
Modern pharmacological studies have demonstrated that this
material has antioxidative, anticancer [1], antihyperglycaemic
[2], and antifatigue [3] properties, and it has a similar
chemical composition and pharmacological activities to
Cordyceps sinensis. Moreover, modern pharmacological and
clinical studies have also revealed that fermented Cordyceps
sinensis can have a major impact on the treatment of chronic

hepatitis and kidney failure. *ese curative effects could be
attributed to their active chemical components, including
nucleosides, polysaccharides, sterols, amino acids, flavonoids,
and metal complexes [4–8]. *e type and quantity of the
bioactive ingredients in fermented Cordyceps sinensis vary
with the strain and the condition of the material [9, 10].
Among these components, nucleosides support the regulation
andmodulation of various physiological processes in the body
[11], and they have been recognized as the main bioactive
components [12] in fermented Cordyceps sinensis. *eir
pharmacological activities include antitumour, antileukaemic
[13], antiviral [14], and anti-HIV [15] activities. *e major
nucleosides in fermented Cordyceps sinensis are guanosine,
uridine, adenosine, uracil, and adenine.
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Currently, the products of fermented Cordyceps sinensis
have no uniform quality standards, which have resulted in the
flooding of the market with products of uneven quality. Only
Jinshuibao capsules, Jinshuibao tablets, and Bailing capsules,
which are prepared by fermenting with Paecilomyces hepiali
chen and Hirsutella sinensis Liu, GUO, Yu-et Zeng, have been
recorded in Chinese Pharmacopoeia and have relatively
comprehensive quality standards. *e quality of the three
fermented Cordyceps sinensis products is higher overall and is
easier to control since they are produced exclusively by one
company. *e quality standards for fermented Cordyceps
sinensis products vary from one manufacture to another. For
instance, in the Pharmacopoeia of the People’s Republic of
China (Edition 2015) [16], the quality standards for Jinshuibao
capsules included the identification of five required nucleo-
sides, amino acids, and mannitol as well as required contents
of adenosine and ergosterol. *e standards for Bailing cap-
sules include the identification of two required nucleosides,
amino acids, and ergosterol as well as required contents of
mannitol, adenosine, and total amino acid. *us, the devel-
opment of a method to control the quality of these products
more systematically and effectively is an urgent issue. Since the
overall chemical composition is contained within the chro-
matographic fingerprint, this type of fingerprinting may
provide the foundation for such method. Meanwhile, chro-
matographic fingerprinting has been regarded as a feasible
and rational approach to the quality evaluation of crude drug
materials in recent years [17]. In addition, methods based on
this technique have been accepted by theWHO, the FDA, and
the State Food and Drug Administration (SFDA) of China
[18]. However, chemical fingerprinting is a type of qualitative
analysis, and thus, it can only reflect the general characteristics
of the contents of herbs and serve as an indicator of their
quality, consistency, and stability. *us, the cataloguing and
evaluation of chromatographic fingerprints are of great im-
portance to evaluating and distinguishing medicinal materials
and related preparations.

Multicomponent quantitative analysis was developed for
applications in comprehensive quality control. Unfortunately,
the use of multicomponent quantitative analysis is limited by
the high price, limited availability, and poor stability of some
of the necessary standards.*us, a QAMSmethodwas carried
out. A predominant advantage of this strategy is that the
content of each target component can be determined inde-
pendently since their concentrations can be calculated based
on standard materials. In recent years, the QAMSmethod has
been widely used to evaluate a large number of Chinese herbal
medicines [19–21] and was reported in the Chinese Phar-
macopoeia to be applicable to the determination of the
contents of TCM herbs, including Coptis chinensis, Salvia
miltiorrhiza, and Ganoderma lucidum [16].

However, the current method was not sufficient to fully
assess the quality of products of fermented Cordyceps
sinensis. In this work, a partial method involving analysis of
HPLC fingerprint chromatograms by SA and HCA com-
bined with QAMS was established for the first time.
Adenosine was chosen as the internal reference substance,
and the relative correction factors (RCF) between the in-
ternal marker and test specimen were used to calculate the

other four components. *ese steps in combination with
HPLC fingerprint analysis based on SA and HCA can be
used to obtain more general information on the products of
fermented Cordyceps sinensis. *e rapid, practical, and ef-
fective combinatorial approach can be used to compre-
hensively assess the quality of products prepared from
fermented Cordyceps sinensis.

2. Materials and Methods

2.1. Reagents and Chemicals. Four reference substances
(guanosine, adenosine, uracil, and adenine) were purchased
from the National Institutes for Food and Drug Control
(China), and uridine was purchased from the Nanchang Beta
Biotechnology Co. Ltd. 10 Jinshuibao capsules (strain: Pae-
cilomyces hepiali chen, batch number: 1,60,40,185, 1,50,50,347,
1,60,50,229, 1,60,20,075, 1,60,30,133, 1,60,90,394, 1,51,10,701,
1,60,80,393, 1,60,10,105, and 1,60,70,345) and 10 Jinshuibao
tablets (strain:Paecilomyces hepiali chen, batch number:1,60,703,
1,60,601, 1,60,401, 1,60,701, 1,60,501, 1,60,702, 1,61,202, 1,61,203,
1,61,204, and 1,60,502) were purchased from Jiangxi Jiming-
kexin Jinshuibao Co. Ltd., and 10 Bailing capsules (strain:
Hirsutella sinensis Liu, GUO, Yu-et Zeng, batch number:
16,04,172, 1,6,04,101, 16,04,137, 16,05,171, 16,03,200, 16,03,102,
16,05,172, 16,06,124, 16,06,203, and 16,06,106) were purchased
from Hangzhou Huadong Pharmaceutical Co. Ltd. *e purity
of each of the 5 reference substance was more than 98%. HPLC
grade methanol was purchased from TEDIA reagent company
(USA).

2.2. Instruments and Chromatographic Conditions. Chro-
matographic separations were performed on an Agilent 1260
HPLC coupled with a DAD, an Agilent 1100 HPLC cou-
pled with a UV detector, and a Waters 2695 HPLC cou-
pled with a PDA detector. *e separations of the analytes
were achieved on a reversed-phase C18 column (Agilent
ZORBAX-RP, 250× 4.6mm, 5 µm; Phenomenex OOG-
4435-EO, 250× 4.6mm, 5 µm). A sample volume of 10 µL
was injected by an autosampler, and the column temperature
was maintained at 30°C. *e mobile phase was composed of
ultrapure water (A) and methanol (B) with a gradient elution
system as follows: 0–15min, 1% B; and 15–30min, 1%–15% B.
As show in Table 1, the flow rate was 1mL/min, and the
wavelength of the DAD was set at 260nm. Under the chro-
matographic conditions described above, all five components
could be baseline separated within 30min (Figure 1).

2.3. Preparation of Standard Solutions. Five stock solutions
were prepared by dissolving the requisite components in
ultrapure water. A working solution that contains the
five standard solutions was prepared prior to analysis.

Table 1: Gradient elution program.

T (min) A (%) B (%)
0 99 1
15 99 1
30 85 15
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�e concentrations of the components in the mixed solution
were as follows: uracil 33.8 µg/mL, uridine 93.6 µg/mL,
adenine 30.1 µg/mL, guanosine 120.8 µg/mL, and adeno-
sine 93.6 µg/mL.

2.4. Preparation of Sample Solution. A 1.00 g sample of the
fermented Cordyceps sinensis was precisely weighed and
immersed in 40mL of ultrapure water in a 50mL volumetric
ask. �e total mass of the ask and sample was determined,
and the ask was placed in an ultrasonic bath for 30min.�e
procedure was repeated twice. After sonication, additional
ultrapure water was added to return the sample to its original
weight.�emixture was separated by centrifugation, and the
extracted solution was cooled to room temperature. Next,
the diluted extract was �ltrated through a 0.22 µm mem-
brane �lter into an HPLC vial to prepare it for HPLC
analysis.

2.5. Similar Analysis (SA). �e similarity evaluation method
for the chromatographic �ngerprints of TCM (Version
2004A) recommended by the SFDA of China was used to
obtain standardized �ngerprint chromatograms of three
kinds of fermented Cordyceps sinensis. Acquiring the

standardized �ngerprint chromatograms involved the cali-
bration and normalization of the retention times of all the
common peaks of the three forms of fermented Cordyceps
sinensis.

2.6. Hierarchical Cluster Analysis (HCA). �e similarity or
dissimilarity of each sample was visually displayed with
a dendrogram in HCA. In this paper, samples of di�erent
products prepared from fermented Cordyceps sinensis were
compared using SPSS 21.0 software (IBM company, New
York, America) based on the between-groups linkage method
and the cosine of the angular distance.

2.7. Calculation of Relative Conversion Using the QAMS
Method. In a certain linear range, the concentration of a
component is proportional to the response of the detector.
Adenosine was selected as the internal reference analyte
because it is stable, readily available, inexpensive, and present
in a high concentration in Jinshuibao capsules. �e RCFs
between adenosine and the other analytes were determined
using (1). �e contents of other �ve components can be
calculated using (2) and (3).
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Figure 1: A chromatogram of the mixture of the standard compounds (a), and a chromatogram of fermented Cordyceps sinensis in
Jinshuibao capsules (b). Peak 1: uracil; peak 2: uridine; peak 3: adenine; peak 4: guanosine; and peak 5: adenosine.
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Fi/s �

fi

fs
�

Ci

Cs
×

As

Ai
, (1)

Ci �
fi

fs
×

Ai

As
× Cs, (2)

mi � Ci × Vi, (3)

where Ai is the peak area of the analyte, As is the peak area of
the standard solution, Ci is the concentration of the analyte,
Cs is the concentration of the standard, and mi is the mass of
the analyte in the capsule or tablet.

3. Results and Discussion

3.1. Method Validation

Calibration Curves, Limits of Detection, and Limits of
Quantity. *e linearity of the calibration curves were

determined by plotting the results from six standard solutions
at different concentrations. *e standard curve and linear
range were obtained as shown in Table 2. *ere was a good
linear relationship over a wide concentration range. *e
LODs and the LOQs of the five analytes were determined at
the noise-signal ratios of 3 :1 and 10 :1, within the ranges of
0.005–0.038 µg/mL and 0.025–0.151 µg/mL, respectively.

3.2. Precision Stability, Repeatability, and Recovery. *e
precision of the method was validated by their intraday and
interday variability. *e intraday precision was evaluated by
injecting the same standard solution for six times. *e
interday variability was evaluated on 3 successive days using
the same standard solution. *e stability of the sample
solutions was analysis at 0, 2, 4, 6, 8, 10, and 24 h.*e sample
solutions were found to be stable for 24 h (RSD≤ 0.48%). To
validate the repeatability of the method, five different sample
solutions from the same sample were injected into the HPLC
system, and the RSD values were found to be 0.23–1.36%.

Table 2: Calibration curves for the five target compounds.

Peak number Analyte Calibration curve R2 Linear range (µg/mL) LOD (µg/mL) LOQ (µg/mL)
1 Uracil Y� 41.219X+ 5.2065 0.9997 0.338–33.8 0.005 0.025
2 Uridine Y� 23.568X− 1.2283 1.0000 0.936–93.6 0.016 0.049
3 Adenine Y� 62.462X+ 4.2509 0.9998 0.301–30.1 0.001 0.005
4 Guanosine Y� 22.077X− 27.477 0.9992 1.208–120.8 0.038 0.151
5 Adenosine Y� 28.112X+ 2.0196 1.0000 0.936–93.6 0.024 0.073

Table 3: Precision, repeatability, stability, and recovery of makers in Jinshuibao capsules (n � 6).

peak number Analyte Intraday RSD (%) Interday RSD (%) Repeatability RSD (%) Stability RSD (%) Recovery (%)
1 Uracil 0.16 0.10 0.55 0.19 97.5
2 Uridine 0.42 0.05 0.57 0.19 96.7
3 Adenine 1.10 0.78 1.36 0.48 102.1
4 Guanosine 1.61 0.31 0.61 0.13 95.9
5 Adenosine 0.14 0.13 0.23 0.22 96.0
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Figure 2: S1–S10: Jinshuibao capsule; S11–S20: Jinshuibao tablet; and S21–S30: Bailing capsule.
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Figure 3: HPLC fingerprints for 30 fermented Cordyceps sinensis samples: 10 Jinshuibao capsule samples (a), 10 Jinshuibao tablet samples (b),
and 10 Bailing capsule samples (c).
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Recovery was evaluated by adding the same amount of an
individual standard into a certain amount (0.2 g) of fer-
mented Cordyceps sinensis sample that was found to have
a concentration in the middle of the linear range (this
procedure was repeated six times). In addition, the data from
the DAD on the purities of the peaks indicate that the
concentrations of the five nucleosides were not beyond the
range of the threshold value, and the peak purity index of
each compound was more than 990. *is result confirmed
that the purities of the chromatographic peaks were good,
and the method is sufficiently accurate. All the results are
showed in Table 3 and suggest that these methods are reliable
and effective.

3.3. HPLC Fingerprint Analysis. *e fingerprint chromato-
grams of all three fermented Cordyceps sinensis products
(Figure 2) and the fingerprint chromatograms of each
sample (Figure 3) were established. *e common patterns
of each fermented Cordyceps sinensis were established
according to the relative times and peak areas (RRTs and

RPAs, resp.) of 10 characteristic peaks (Figure 4). Fur-
thermore, peaks 4, 7, 8, 9, and 10 were identified as uracil,
uridine, adenine, guanosine, and adenosine, respectively.
Bailing capsules had the lowest contents of the compounds
with retention times of 5.3min, 13.5min, and 20min (al-
most no absorption), and Jinshuibao tablets had the lowest
content of the compound with a retention time of 3.0min
(Figure 3). *e similarity values of the Jinshuibao capsules,
Jinshuibao tablets, and Bailing capsules were 0.988, 0.990,
and 0.994, respectively. *e correlation coefficients between
each chromatogram of the fermented Cordyceps sinensis
samples and the simulated mean chromatogram were 0.998,
0.996, 0.996, 0.997, 0.998, 0.999, 0.998, 0.998, 0.999, 0.989,
0.993, 0.993, 0.995, 0.993, 0.994, 0.997,0.981, 0.980, 0.981,
0.994, 0.978, 0.983, 0.984, 0.977, 0.975, 0.981, 0.985, 0.986,
0.979, and 0.974. *ese coefficients indicate that the sam-
ples from different companies are all of uniformity good
quality since they are produced by the same method. In
addition, the similarities of the samples fermented using
the same strain and samples from the same company were
fairly close.
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Figure 4: Common model fingerprints of Jinshuibao capsules (S1), Jinshuibao tablets (S2), and Bailing capsules (S3).
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3.4. Hierarchical Cluster Analysis (HCA). HCA on the 30
samples was carried out using SPSS 21.0 software based on the
between-groups linkage method and the cosine of the angular
distance. Jinshuibao capsules, Jinshuibao tablets, and Bailing
capsules are referred to A, B, and C, respectively, for simplicity.
*e results are shown in Figure 5. *e 30 samples were
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Figure 5: Clustering analysis graph of 30 fermented Cordyceps sinensis samples.

Table 4: *e values of RCF based on different injection volumes
(n � 3).

Injection volume f1 f2 f3 f4
2 0.702 1.227 0.482 1.384
4 0.706 1.235 0.474 1.359
6 0.709 1.240 0.486 1.398
8 0.711 1.245 0.474 1.387
10 0.712 1.249 0.471 1.385
12 0.719 1.267 0.480 1.410
15 0.717 1.254 0.478 1.398
Mean 0.711 1.245 0.478 1.389
RSD (%) 0.83 1.05 1.09 1.15
f1: furacil/adenosine; f2: furidine/adenosine; f3: fadenine/adenosine; and f4: fguanosine/adenosine.

Table 5: *e values of RCF based on different columns and in-
strument conditions (n � 3).

Instrument Column f1 f2 f3 f4
Agilent 1100 Phenomenex 0.674 1.193 0.501 1.281
Agilent 1100 Agilent 0.676 1.189 0.461 1.300
Agilent 1260 Phenomenex 0.685 1.200 0.444 1.32
Agilent 1260 Agilent 0.712 1.249 0.471 1.385
Waters 2695 Phenomenex 0.676 1.203 0.432 1.269
Waters 2695 Agilent 0.693 1.199 0.451 1.306
Mean 0.686 1.206 0.460 1.310
RSD (%) 1.46 2.19 2.42 4.09
f1: furacil/adenosine; f2: furidine/adenosine; f3: fadenine/adenosine; and f4: fguanosine/adenosine.

Table 7: RCFs based on different column temperatures (n � 3).

Column temperature f1 f2 f3 f4
25°C 0.677 1.195 0.445 1.310
30°C 0.693 1.199 0.451 1.306
35°C 0.676 1.194 0.443 1.290
Mean 0.682 1.196 0.446 1.302
RSD (%) 0.95 0.26 0.42 1.06
f1: furacil/adenosine; f2: furidine/adenosine; f3: fadenine/adenosine; and f4:
fguanosine/adenosine.

Table 6: RCFs values based on different flow rates (n � 3).

Flow rate f1 f2 f3 f4
0.9mL/min 0.674 1.189 0.443 1.300
1.0mL/min 0.693 1.199 0.451 1.306
1.1mL/min 0.676 1.193 0.443 1.306
Mean 0.681 0.194 0.446 1.304
RSD (%) 1.04 0.50 0.46 0.35
f1: furacil/adenosine; f2: furidine/adenosine; f3: fadenine/adenosine; and f4:
fguanosine/adenosine.
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WTcategorized into two groups: one containing 20 samples
(Group 1) and the other containing 10 samples (Group 2).
Group 1 was further divided into Subgroups 1a (A2, A3,
A4, A10, B1, B2, B3, B4, B5, B6, and B10), 1b (A1, A5, A6,
A7, A8, and A9), and 1c (B17, B18, and B19). Subgroup 1a
contained 4 Jinshuibao capsules and 7 Jinshuibao tablet
samples, Subgroup 1b contained 6 Jinshuibao capsules, and
Subgroup 1c contained 3 Jinshuibao tablets. All Bailing
capsule samples were grouped together. *e 11 samples with
cosine and correlation coefficient values between 0.989 and
0.998 are in Subgroup 1a, the 6 samples with values greater
than 0.998 are in Subgroup 1b, and the 3 samples with values
less than 0.986 are in Subgroup 1c. *ese groupings implied
that HCA was effective for identifying Cordyceps sinensis
samples fermented with different bacterial strains.

3.5. ?e Quantitative Analysis of Multicomponents by Single
Marker (QAMS). *e RCF values of the four analytes were
calculated at different injection volumes (2, 4, 6, 8, 10, 12,
and 15 µL) and are shown in Table 4. Many factors impacted
the RCF values. In this work, the flow rate, column tem-
perature, type of reversed-phase column, and chromato-
graphic system were optimized to investigate the robustness
of the RCFs, and the results are shown in Tables 5–7. *e
values were found to be accurate and stable.

3.6. Comparison of the Result of QAMS with ?ose of the
External Standard Method (ESM). To assess the differences
in the results of the QAMS and ESM methods, 30 samples,
including 10 Jinshuibao capsules, 10 Jinshuibao tablets, and
10 Bailing capsules, were analysed. Vector angles were used
to determine the consistency of the results. *e larger the
cosine of the angle, the higher the similarity between the two
samples. *e results are shown in Table 8, and the values of
the cosine of all the angles were more than 0.999, which
indicated there were no significant differences between the
results of QAMS and ESM. From these results, we can see
that all samples contained all five active ingredients, but their
contents are different in samples fermented with different
strains; for example, for the Jinshuibao capsules (adenosine >
uridine> guanosine> adenine> uracil), Jinshuibao tablets
(adenosine > uridine > guanosine > adenine > uracil), and
Bailing capsule (adenosine> guanosine> uridine> uracil>
adenine). As a whole, the contents of adenosine, uridine, and
guanosine were relatively high and met the standard given
by the Pharmacopoeia of China.

4. Conclusion

*e results presented herein suggest that fingerprint chro-
matography based on HPLC is an effective method for
assessing the quality of fermented Cordyceps sinensis

Table 8: Comparison of the results from the QAMS and ESM of fermented Cordyceps sinensis products (mg·g−1).

Sample number
Uracil Uridine Adenine Guanosine Adenosine

QAMS ESM QAMS ESM QAMS ESM QAMS ESM ESM
1 0.1393 0.1341 2.504 2.398 0.3191 0.3016 2.593 2.404 2.670
2 0.2357 0.2269 2.540 2.432 0.3891 0.3677 2.565 2.379 2.784
3 0.2220 0.2138 2.810 2.694 0.3530 0.3336 2.695 2.466 2.851
4 0.2235 0.2151 2.368 2.267 0.2805 0.2652 2.287 2.121 2.476
5 0.1123 0.1081 1.899 1.189 0.2468 0.2332 1.950 1.808 2.275
6 0.1275 0.1228 2.535 2.427 0.2694 0.2417 2.653 2.460 2.982
7 0.1326 0.1276 2.517 2.409 0.2913 0.2753 2.464 2.284 2.740
8 0.1100 0.1058 2.582 2.518 0.2439 0.2305 2.620 2.430 3.009
9 0.1404 0.1351 1.997 1.192 0.2219 0.2097 2.180 2.021 2.518
10 0.2235 0.2151 3.024 2.896 0.3798 0.3590 2.574 2.387 2.714
11 0.1599 0.1539 1.573 1.506 0.2369 0.2264 1.547 1.434 1.583
12 0.1646 0.1585 1.624 1.555 0.2479 0.2343 1.591 1.475 1.629
13 0.0999 0.0961 1.775 1.670 0.1984 0.1875 1.650 1.530 1.745
14 0.1617 0.1557 1.593 1.525 0.2394 0.2262 1.558 1.444 1.595
15 0.1149 0.1106 2.039 1.925 0.2301 0.2174 1.861 1.726 1.957
16 0.1278 0.1231 1.718 1.645 0.2090 0.1975 1.674 1.552 1.752
17 0.1101 0.1065 2.335 2.236 0.2277 0.2152 1.698 1.575 1.858
18 0.1099 0.1058 2.295 2.197 0.2091 0.1977 1.665 1.544 1.828
19 0.1143 0.1100 2.385 2.284 0.2406 0.2273 1.737 1.611 1.896
20 0.1077 0.1031 1.850 1.772 0.2059 0.1946 1.762 1.634 1.830
21 0.1098 0.1057 1.158 1.109 0.0785 0.0742 2.241 2.078 2.269
22 0.1068 0.1028 1.283 1.229 0.0834 0.0789 2.325 2.156 2.207
23 0.1023 0.0985 1.067 1.022 0.0756 0.0714 1.946 1.804 1.684
24 0.0914 0.0879 0.737 0.707 0.0597 0.0564 1.524 1.413 1.370
25 0.0897 0.0864 0.974 0.932 0.0925 0.0875 2.111 1.958 1.901
26 0.1028 0.0989 1.249 1.197 0.0636 0.0599 2.251 2.088 2.257
27 0.1569 0.1510 1.697 1.625 0.1281 0.1208 3.048 2.827 2.755
28 0.1401 0.1348 1.532 1.467 0.1211 0.1145 2.689 2.493 2.538
29 0.0851 0.0819 0.969 0.928 0.0741 0.0701 1.893 1.756 1.816
30 0.1007 0.0969 1.245 1.192 0.0711 0.0672 2.526 2.343 2.595
Correlation coefficient 0.9999 0.9998 0.9997 0.9999 —
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products, and the QAMS method is convenient and reliable
for qualitifying the five active components in fermented
Cordyceps sinensis by RCF. When HPLC fingerprint analysis
was combined with the SA, HCA, and QAMS methods, it
was a practical, feasible, and effective approach to better
identifying and comprehensively evaluating the quality of
fermented Cordyceps sinensis products. Hence, the method
established herein is a promising and broadly applicable
strategy for the comprehensive quality control of TCMs.
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*ermal desorption (TD) coupled with gas chromatography/mass spectrometry (TD-GC/MS) is a simple alternative that
overcomes the main drawbacks of the solvent extraction-based method: long extraction times, high sample manipulation, and
large amounts of solvent waste. *is work describes the optimization of TD-GC/MS for the measurement of airborne polycyclic
aromatic hydrocarbons (PAHs) in particulate phase. *e performance of the method was tested by Standard Reference Material
(SRM) 1649b urban dust and compared with the conventional method (Soxhlet extraction-GC/MS), showing a better recovery
(mean of 97%), precision (mean of 12%), and accuracy (±25%) for the determination of 14 EPA PAHs. Furthermore, other 15
nonpriority PAHs were identified and quantified using their relative response factors (RRFs). Finally, the proposed method was
successfully applied for the quantification of PAHs in real 8 h-samples (PM10), demonstrating its capability for determination of
these compounds in short-term monitoring.

1. Introduction

Polycyclic aromatic hydrocarbons (PAHs) are a class of per-
sistent organic pollutants (POPs) comprising hundreds of in-
dividual substances. *ese compounds contain two or more
fused aromatic rings (made up of carbon and hydrogen atoms)
in linear, angular, or cluster arrangements [1]. *ey are sem-
ivolatile organic compounds (SVOC); thus, they are present in
the atmosphere in both the gas and the particulate phases as
well as dissolved or suspended in precipitation (fog or rain) [2].

PAHs are as by-products of incomplete combustion pro-
cesses of organic matter [3], and primarily emitted from an-
thropogenic sources [4], being themobile andmajor sources in
urban areas [5, 6]. *eir harmful health effects and persistence
pose an environmental concern. *us, these compounds were
among the first atmospheric pollutants identified as suspected
carcinogens [7]. Moreover, PAHs belong to the group of POPs
included in the list of 16 POPs specified by the UNECE
Convention on Long-range Transboundary Air Pollution

Protocol on Persistent Organic Pollutants [8, 9]. Due to these
features, the United States Environmental Protection Agency
(US-EPA) has listed 16 of them as priority pollutants (16 EPA
PAHs) [10]. *e most toxic PAHs (5 and 6 rings) are linked to
the particulate matter [11, 12]. Accordingly, many air pollution
studies have been focused on PAHs bound to particulate
matter, particularly PM10 and PM2.5 in order to assess their
concentration, distribution, and sources.

Air monitoring for PAHs in urban areas is an important
issue because the risk associated with human exposure is
higher considering the population density [13, 14]. However,
PAH data in urban air show large spatial and temporal
uncertainties because of the complex sampling and ana-
lytical procedures required.

Sampling of particulate PAHs is mostly done by the
collection of them on a filter (quartz or glass fiber), using
high- or low-volume samplers [15–17]. Once the PAHs have
been collected, they have to be extracted for the final de-
termination. *e extraction of PAHs from multiple matrices
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is a difficult step. PAHs are found in the environment in very low
concentrations; consequently, an effective extraction method,
able to quantitatively separate the analytes from the matrix, is
required. *e widely used method is solvent desorption of
sampling media (Soxhlet extraction, accelerated solvent ex-
traction, microwave-assisted extraction, and ultrasonic-assisted
extraction) followed by analysis of the compounds of interest by
GC-MS (gas chromatography coupled tomass chromatography)
or high-performance liquid chromatography coupled with flo-
rescence detection (HPLC-FLD) [18, 19], where the detection
methods allow cutting most of analytical interferences.

*e use of toxic organic solvents in the solvent-based
extraction methods causes added difficulties with sample
handling and generates large amounts of solvent waste,
which is costly and can generate additional environmental
problems. Furthermore, the sensitivity of the current ana-
lytical procedures limits time resolution of measurements;
thus, most of the urban pollution studies rarely achieved
temporal resolution measurements better than 24 h. Since
the PAH composition of aerosols can vary according to the
diurnal changes in the sources, meteorological conditions
and atmospheric reactivity [20], the time resolution of 24 h
seems not sufficient to comprehend their variability, fate,
and behavior in the atmosphere [21]. For these reasons, the
development of simpler and sensitive methods or the im-
provement of the existing ones is of great interest, for the
detection, determination, and monitoring of PAHs.

In recent years, alternative analytical procedures for PAHs
based on the use of solvent-free extractionmethods have been
studied [22, 23]. *ermal desorption (TD) involves heating
sample materials or sorbents in a flow of inert carrier gas, so
that retained organic volatiles and semivolatiles are released
and transferred or injected into the analytical system
(e.g., into the carrier gas stream of the GC column).

*e power and potential of TD allow configuring the
technique in multiple adsorption-desorption stages, thus en-
hancing the concentration of the compounds of interest and
detection limits. *is higher sensitivity may provide shorter
sampling times or lower sampling volumes. Another benefit of
TD is that it is often possible to quantitatively retain target
compounds during one or more of the trapping stages, while
unwanted, for example, water and/or permanent gases, is se-
lectively purged to vent. *is avoids the entrance of unwanted
compounds into the analytical system that could generate in-
terferences during the analysis and/or damage to the equipment.

*is work has tested and optimized different TD-GC/MS
operation conditions in order to develop the best method that is
able to sample and analyze airborne PAHs in particulate phase.
*e TD-GC/MSmethod was later validated by using a Standard
Reference Material (SRM) 1649b urban dust and comparing
with the conventional method based on solvent extraction
(Soxhlet extraction-GC/MS).Moreover, themethod was applied
to measure PAH levels of 8h PM10 samples in ambient air.

2. Materials and Methods

2.1. Reagents and Materials. A liquid certificated mixture
of 16 EPA PAHs (2000 μg·mL−1, SV Calibration Mix 5,
Restek Corporation, USA) and a liquid deuterated mixture

(200μg·mL−1, predeuterated internal standard PAH Mixture 6,
Chiron AS, Norway) were used during the study. In Soxhlet
extraction, decafluorobiphenyl, 4,4′-dibromooctafluorobiphenyl,
4,4′-dibromobiphenyl. (Restek, 2000 μg·mL−1), and indeno
[1,2,3-cd]pyrene-d12 (Chiron, 100 μg·mL−1) were used as
recovery standard for the assessment of extraction efficiency.
Solutions were prepared by appropriate dilution in methanol,
HPLC grade (99.9%, Lab-Scan Analytical Sciences, Poland).

*e method was validated using the Standard Reference
Material (SRM) 1649b urban dust, obtained from the Na-
tional Institute of Standards and Technology (NIST, Gai-
thersburg, MD, USA).

2.2. TD-GC/MSMethod. Sampling tubes (stainless steel tube of
5mm outer diameter× 90mm length) packed with filter were
analyzed by usingTD-GC/MS.*e16EPAPAHs anddeuterated
PAHs were spiked on two one-eighth parts of a 47mm quartz
fiber filter (Whatman International Ltd., UK). *ese portions,
suitably folded, were introduced into the sampling tubes.

Prior to use, the packed sampling tubes were condi-
tioned by thermal cleaning under a helium flow rate of
100mL·min−1 at 350°C for 30min.

*e NIST Standard Reference Material 1649b was
handled in a similar way. Samples of the urban dust (10mg)
were weighed and placed on a one-eighth section of a 47mm
quartz fiber filter which was rolled and put into the sampling
tube. Silanized glass wool (Supelco Inc., Bellefonte, USA)
was introduced at the end and at the head of the desorption
tubes in order to prevent system contamination.

Prior to use, filters and glass wool plugs were heated in
a muffle furnace at 500°C for 24 h to remove trace organic
compounds.

PAHs analysis was carried out using an automatic
thermal desorber unit (Turbomatrix 150 ATD, Perkin Elmer
S.L., USA) coupled by a fused silica capillary transfer line
(5m length× 0.32mm I.D.) to a GC/MS detector (Clarus
500, Perkin Elmer S.L., USA). *e chromatographic sepa-
ration of PAHs was conducted on a Meta. X5 (silphenylene
phase) capillary column: 30m length× 0.25mm I.D.× 0.25mm
film thickness (Teknokroma, Spain).

*e helium gas carrier pressure employed in the GC/MS
system was 145 kPa, and the column temperature was pro-
grammed as follows: initial temperature 100°C for 3min, ramp
of 10°C·min−1 until 250°C, ramp of 5°C·min−1 until 320°C, and
finally temperature held at 320°C for 10min.*e total analysis
time was 42min per sample. *e temperature of both the
transfer lines (fromTD toGC and fromGC toMS) was held at
280°C, whereas the source temperature was 250°C. Simulta-
neous full scan (SCAN) and selective ion monitoring (SIM)
modes were used for the identification and quantification of
PAHs. Table 1 shows, according to their elution order, the
PAHs determined in this study with their quantification ions.
Supplementry Figures S1–S3 show the representative SCAN
chromatograms of the 16 EPA and deuterated PAHs.

2.3. Soxhlet Extraction-GC/MS Method. Between 300 and
500mg of the NIST SRM 1649b urban dust was weighted
and placed on one-eighth of a 150mm prebaked (at 500°C
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for 24 h) quartz fiber filter (Whatman International Ltd.).
Before folding the filter, it was spiked with the recovery
standards.

Soxhlet extraction was performed by using Büchi ex-
traction system B-811 (BÜCHI, Switzerland), an automated
system that can be used to perform extraction according to
the original Soxhlet principle. *e samples were extracted
with hexane using the Soxhlet Warm mode. *is mode
increases the solubility of the analytes, allowing an optimal
extraction in 3 hours [24].

After the extraction process, the extracts of 5mL were
concentrated by a stream of dry nitrogen to a volume less
than 0.5mL. Finally, these extracts were diluted to 1.5mL
with methanol and spiked with deuterated PAHs.

Two-microliters of aliquots from each extract was in-
jected into the GC/MS with split mode. Table 2 collects the
timed events and the oven program used in the GC/MS
during the validation of the Soxhlet method.

Also, in this method, the GC/MS used simultaneously
the SCAN and SIM mode for the identification and quan-
tification of PAHs.

2.4. Sample Collection. Airborne particulate matter (PM10)
samples were collected on preheated (at 500°C for 24 h)
quartz fiber filters (150mm diameter, Whatman Interna-
tional Ltd., United Kingdom) using a high-volume sampler
(Digitel DHA-80, Digitel Elektronik AG, Switzerland) with
a flow rate of 30m3·h−1. DHA-80 stores 15 filters stretched
in filter holders that are changed automatically at the preset
time. DHA-80 has integrated temperature control in the
filter storage section; in this way, the used filters can be
stored at low temperatures (in this study at 4°C) after
sampling.

Collected filters were put into individual Petri dishes,
wrapped in aluminum foil, and kept in a 4°C freezer until
analysis (<15 days) according to ISO 12884:2000 [25].

3. Results and Discussion

3.1. Optimization of 0ermal Desorption Method. *e ther-
mal desorption process can be divided into two main stages:
tube and trap desorption. In the first stage, target com-
pounds are thermally desorbed from the sampling tube and
transferred to the cold trap, where they are concentrated.
After completing the primary desorption, the trapped
compounds are released by quick heating of the trap and
swept through the heated transfer line to the GC column.

To obtain the best analytical conditions in terms of
sensitivity and reproducibility, different parameters in each
desorption stage were tested.

For these tests, 1 μL of the 16 EPA PAHs solutions of
20 ng·μL−1 were spiked in sampling tubes packed with
portions of quartz fiber.

3.1.1. Primary Desorption (Tube Desorption). *e conditions
in the tube oven during this stage are key to guarantee an
efficient desorption; thus, parameters such as the temper-
ature, time, and flow in the tube oven were studied to
optimize this process.

Different values of desorption temperatures, times, and
flows were tested, considering factors such as the
packing/sample matrix stability, the lability of the compo-
nents of interest, and the temperature limitations of the
system. Figure 1 shows the area of chromatographic peak for
each of the 16 EPA PAHs (in %) obtained for each test.

*e results demonstrated that an increase in the tem-
perature of the oven tube enhances the desorption of par-
ticulate PAHs (Figure 1(a)). *is improvement was
remarkable for high molecular weight PAHs (IP, DBahA,
and BghiP). A value of 320°C was selected as temperature in
the first desorption stage. Regarding the time, the lowest
value in the test (10min) clearly showed significantly higher
areas for most compounds (Figure 1(b)), indicating a more
efficient desorption. *is value was selected as desorption
time in the tube. Finally, higher desorption flows enable
better desorption of PAHs (Figure 1(c)). Flows higher than

Table 1: Abbreviations and quantification ions of PAHs de-
termined by the TD-GC/MS method.

PAH Abbreviation Ion (m/z)
Naphthalene-d8b Naph-d8 136
Naphthalenea Naph 128
Biphenyl-d10b Bph-d10 164
Acenaphthylenea Acy 152
Acenaphthenea Ace 154
Fluorenea FL 166
Phenanthrene-d10b Phe-d10 188
Phenanthrenea Phe 178
Anthracenea Ant 178
Fluoranthenea Ft 202
Pyrene-d10b Pyr-d10 212
Pyrenea Pyr 202
Benzo[ghi]fluoranthenec BghiFt 226
Benzo[c]phenanthrenec BcP 228
Cyclopenta[cd]pyrenec CPP 226
Benzo[a]anthracene-d12b BaA-d12 240
Benzo[a]anthracenea BaA 228
Triphenylenec Triph 228
Chrysenea Chry 228
Retenec Ret 234
Benzo[b]fluoranthenea BbFt 252
Benzo[j]fluoranthenec BjFt 252
Benzo[k]fluoranthenea BkFt 252
Benzo[a]fluoranthenec BaFt 252
Benzo[e]pyrenec BeP 252
Benzo[a]pyrene-d10b BaP-d10 264
Benzo[a]pyrenea BaP 252
Perylenec Per 252
Dibenzo[a,j]anthracenec DBajA 278
Indeno[1,2,3-cd]pyrenea IP 276
Dibenzo[ac]anthracenec DBacA 278
Dibenzo[ah]anthracenea DBahA 278
Benzo[b]chrysenec BbC 278
Picenec Pic 278
Benzo[ghi]perylene-d12b BghiP-d12 288
Benzo[ghi]perylenea BghiP 278
Anthanthrenec Anthan 276
Coronenec Cor 300
a16 EPA PAHs; bdeuterated PAHs; cnonpriority PAHs.
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150mL·min−1 are not recommended, as they can generate
problems in maintaining low temperatures in the trap zone
during the �rst desorption stage [26]. �erefore, a �ow of
150mL·min−1 was selected as the optimal value.

3.1.2. Secondary Desorption (Trap Desorption). To enhance
PAH desorption from the trap (a quartz tube packed with glass

wool), its high temperature has to be as high as possible. �is
temperature depends on the trap packing and equipment sta-
bility as well as on the target compounds. In this study, a value of
320°C (the value recommended by the manufacturer) was set,
while its low temperature (values of −15, −10, and −5°C) and
desorption time (values of 4, 6, and 12min) were tested.

�e area of chromatographic peak (in %) for low (2-3
rings: Naph, Ace, Acy, FL, Phe, and Ant), middle (4 rings: Ft,

Table 2: Timed events and oven program used in direct injector mode.

Timed event Oven program
Event Flow (mL·min−1) Time (min) Ramp Rate (°C·min−1) Temperature (°C) Hold (min)
Split 0 −0.51 Initial 0 45 1
Split 50 1 1 20 200 0
Split 20 5 2 4 320 5
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Figure 1: Area (in %) for each of the 16 EPA PAH obtained in the study of primary desorption conditions (desorption temperature, time,
and �ow) for sampling tubes (n � 5) packed with �lter. % Areas at 280°C and 300°C are compared to % areas at 320°C chosen as 100% (a). %
Areas at 15min and 20min are compared to % areas at 10min chosen as 100% (b). % Areas at 120mL·min−1 is compared to % areas at
150mL·min−1 chosen as 100% (c).
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WTPyr, BaA, and Chry), and high (5-6 rings: BbFt, BkFt, BaP,
IP, DBahA, and BghiP) molecular weight PAHs obtained for
each test are shown in Figure 2.

�e temperature in the Peltier trap is a critical parameter
in secondary desorption (Figure 2(a)), showing signi�cant
changes in the sensitivity for di�erent values. �e temper-
ature of −10°C revealed the best results.

In the study of the trap desorption time (Figure 2(b)), the
results demonstrated that longer values do not implicate
a higher e�ciency and consequently a better detection,
6min showed a better response than 12. �is is especially
signi�cant with the lightest PAHs (LMW) which could be
a�ected by the exposure to high temperatures, generating
losses. By contrast, the heavier PAHs (MMW and HMW)
showed higher concentrations after longer trap desorption
times because they could need more time to be completely
desorbed. Due to this, a trap duration of 6min was selected
as this value presented good desorption for 16 target PAHs.

3.1.3. Inlet and Outlet Split Flows. In order to enhance the
process of two-stage thermal desorption, a double split mode
was used. �erefore, the inlet (split �ow as the tube is
desorbed) and outlet (split �ow as the trap is desorbed) split
�ows were also tested.

�e inlet split �ow plays an important role during primary
desorption. �is maintains a relatively high carrier gas �ow
through the sample tube, while at the same time establishes
a reasonably low �ow through the cold trap, aiding the
complete removal from the sample tube and analyte retention.
�e deactivation of the inlet split (0mL·min−1) generated
a signi�cant improvement in PAH desorption because the
complete sample, without purge, arrived at the cold trap.With
the increase of inlet split, the sensitivity decreased. Although
in this study, an inlet split �ow of 0mL·min−1 showed the best

results; it is recommended to activate this split in order to
avoid the presence of unwanted compounds (permanent
gases and water) in the trap. �ese could reduce the trap
lifetime and interfere in the analysis. In order to �nd
a compromise between these rules, an intermediate �ow
(23mL·min−1) was considered as the optimal value.

�e outlet split �ow also plays an important function
in the trap desorption: (1) adapting the e£uent �ow to
a capillary column �ow, it avoids the system saturation and
(2) facilitating the release of the analytes, it guarantees a high
enough �ow through the trap during desorption. According
to the manufacturer, at least 10mL·min−1 of outlet split is
necessary to minimize the air/water background on a mass
spectrometer when atmospheric samples are analysed [26].
In this study, the results obtained for outlet split �ows
demonstrated that the increase of this parameter reduces the
sensitivity of the technique, with losses becoming signi�cant
between 10 and 20mL·min−1. �erefore, the manufacturer’s
recommended �ow (10mL·min−1) was selected as the op-
timal value.

Finally, Table 3 summaries the optimized values for
thermal desorption.

3.2. Desorption E�ciency. Once optimized, the e�ciency of
two-stage thermal desorption was studied.�e e�ciency was
calculated by the following expression:

E(%) �
A

A + A∗
( ) × 100, (1)

where E is the e�ciency in %, A is the peak area of the
analyte obtained from desorption of the sampling tube
(previously loaded with PAHs), and A∗ is the peak area of
the analyte obtained when the same sampling tube or the
trap was desorbed the second time.
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Figure 2: Area (in %) for LMW (low molecular weight), MMW (middle molecular weight), and HMW (high molecular weight) PAHs
obtained in the study of the low trap temperature (a) and of the trap time (b) for sampling tubes packed with �lter (n � 5). % Areas at −15°C
and −5°C are compared to % areas at −10°C chosen as 100% (a). % Areas at 6min and 12min are compared to % areas at 10min chosen as
100% (b).
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WTFigure 3 shows the tube and trap e�ciencies obtained for
each particulate PAH. �e technique demonstrated a good
e�ciency with recoveries of the PAHs in the tube and trap
higher than 94%.

3.3. TD-GC/MS Validation and Comparison with Soxhlet-
GC/MS. In order to determine the performance of the
method when applied to atmospheric PM samples, this was
tested using the Standard Reference Material (SRM) 1649b
urban dust.

�e accuracy, repeatability, and recovery of the method
were calculated by adding known amounts (approximately
10mg) of the SRM 1649b to a one-eighth section of blank
�lters (n � 10). Before the analysis, �lters were spiked with
1 μL of the deuterated PAH internal standard solution
(25 ng·μL−1).

Table 4 shows the results obtained for each PAH by using
the TD-GC/MS method, comparing the calculated con-
centration with the certi�ed values.

Although the column used in this study demonstrated
a good resolution for the 16 EPA PAHs, the presence of other
PAHs in the urban dust can generate coelution problems with
the target compounds [27]. Some PAH pairs such as BbFt and
DBahA coeluted with the benzo[j]�uoranthene (BjFt) and
dibenzo[a,c]anthracene (DBacA), respectively.

�e TD-GC/MS method showed good precision with
mean RSD values of 12.2. �e accuracy of the TD-GC/MS

method ranged from −22.8% to 25.1%, while the average
recovery e�ciency was 96.7. �ese performance parameters
of the TD-GC/MS method accomplish the quality objectives
for ambient air PAHs stated by ISO 12884:2000 [25], which
establishes a precision of ±25%, an accuracy of ±20%, and
a recovery e�ciency between 75 and 125%. �ese re-
quirements are accomplished for most PAH; however, there
are some exceptions. �e lowest molecular weight PAHs
(Naph and Acy), with excessively high recoveries, con�rmed
the overestimation of these compounds when analyzed by
using the TD-GC/MS method. �ese compounds could
su�er losses during the sample preparation due to their high
volatility. Besides, the presence of interfering compounds in
the SRM and the low concentration of Acy could explain
these overestimations. �erefore, this method was not ap-
plicable to the Naph and Acy analysis.

In order to demonstrate the e�ciency of the TD method
as compared with other analytical methods, the conven-
tional method (Soxhlet extraction-GC/MS) was also tested
(Table 5). Between 300 and 500mg of the NIST SRM 1649b
urban dust was placed on one-eighth of a 150mm prebaked
quartz �ber �lter, which was spiked with 1 μL of a solution
(0.5 ng·μL−1) of the recovery standards. After the extraction
process, the obtained extracts were spiked with 25 μL of
a deuterated PAH solution (20 ng·μL−1).

�e results of the Soxhlet extraction-GC/MS method
showed a good recovery for 4-, 5-, and 6-ring PAHs with
values between 72.8 and 131%; whereas the lightest PAHs (2-
and 3-ring PAHs), except Phe, showed low recovery (<70%).
�e loss of these analytes during the extraction process in the
Soxhlet Warm mode could be the main reason for these low
recoveries. In the case of DBahA, although its coelution with
DBacA was considered, its recovery continued to be high
(>200%). �is indicates an overestimation in the determi-
nation of this compound by the Soxhlet process. Regarding
precision and accuracy, the Soxhlet extraction-GC/MS showed
worse results, with an average precision of 34.9 and values of
accuracy out of the limits ±20% for some PAHs.

Comparing both methods, the TD-CG/MS method
demonstrated a better performance (good recovery, pre-
cision, and accuracy) for the determination of PAHs (except
for Naph and Acy). By contrast, the manipulation of the
samples in the Soxhlet process meant losses of the light
PAHs (2- and 3-ring) and an overestimation of some PAHs,
especially of the DBahA.

Regarding the detection limits, the average instru-
ment detection limit (IDL) of the TD-GC/MS method was
0.04 ng and the average method detection limit (MDL), as-
suming a total sample volume 240m3 (30m3·h−1 for 8 h),
was 2.89×10−3 ng·m−3 [28].

3.4. Extension of the Scope to Other PAHs. Although most
environmental studies are focused on the analysis of 16 PAH
listed by US-EPA, it could be interesting to determine other
PAHs in order to have a better characterization of these
compounds in terms of toxicity and sources. For this reason,
besides the 16 EPA PAHs, other 15 PAHs were determinated
by using TD-GC/MS. Table 1 shows, according to their

Table 3: Optimized conditions for thermal desorption system.

Primary desorption Secondary desorption
Parameter Parameter

Tube
temperature 320°C High trap

temperature 320°C

Time 10min Low trap
temperature −10°C

Desorption
�ow 150mL·min−1 Time 6min

Inlet split �ow 23 mL·min−1 Outlet split �ow 10mL·min−1
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Figure 3: Recovery (in %) of the 16 EPA PAHs (particulate phase)
in each stage of the thermal desorption.
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elution order, the 16 EPA PAHs, the deuterated PAHs, and
the 15 nonpriority PAHs.

Because SRM 1649b contains other compounds besides
the 16 EPA PAHs, it was used to identify 15 nonpriority
PAHs and to quantify them by relative response factors
(RRFs). Supplementry Figures S4–S7 show the SIM chro-
matograms of the target PAHs (16 EPA PAHs+ 15 PAHs)
obtained in the analysis of SRM 1649b. For quantification,
the RRFs for each nonpriority PAH were calculated by the
following equation:

RRFPAH �
APAH · Cref ·PAH

Aref ·PAH · CPAH
, (2)

where APAH is the peak area of nonpriority PAH, Aref ·PAH is
the peak area of reference PAH compound, CPAH is the

nonpriority PAH concentration in the NISTdust, andCref ·PAH
is the reference PAH concentration in the NIST dust.

Reference PAHs were selected according to the following
criterion: the nearest of the 16 EPA PAHs to each new one,
which provides the least variation in the RRF. Table 6 collects
the reference PAHs, RRFs, and the relative standard de-
viations (RSDs) for each nonpriority PAH.

*e nonpriority PAHs showed a range of RRFs between
0.31 and 4.74, with RSD of less than 15% for most compounds.
In the case of Ret, the low chemical similarity between this
compound and its reference PAH (BaA) could explain the
poor precision in the determination of its RRF (>20%).

3.5. Application to Real Samples. After validation, the method
described in this studywas applied to extract and analyze samples

Table 4: TD-GC/MS method validation parameters for the 16 EPA PAHs in NIST SRM 1649b urban dust (n � 10).

PAH Experimental mean (ng)a NIST-certified value (ng)a RSD (%) Recovery (%) Accuracyb (%)
Naph 3694± 1082 26.8± 3.0 46.3 13809 13709
Acy 6.97± 0.61 1.99± 0.24 13.9 351 251
Ace 1.57± 0.19 2.03± 0.41 19.5 77.3 −22.8
FL 2.06± 0.21 2.29± 0.67 16.4 89.9 −10.1
Phe 42.7± 3.3 45.3± 0.2 12.0 94.3 −5.70
Ant 12.6± 0.8 10.1± 0.2 9.82 125 25.1
Ft 59.6± 3.2 67.9± 0.4 8.56 87.7 −12.3
Pyr 51.8± 2.8 51.2± 1.4 8.56 101 1.01
BaA 19.3± 1.1 21.7± 0.5 8.70 88.7 −11.3
Chry 26.2± 1.3 31.3± 0.3 7.95 83.5 −16.5
BbFt + BjFt 75.0± 6.2 81.3± 2.3 13.0 92.2 −7.79
BkFt 16.1± 1.4 17.5± 0.5 13.4 91.9 −8.15
BaP 20.4± 1.5 25.4± 1.2 11.5 80.2 −19.8
IP 35.5± 1.9 29.7± 1.7 8.63 119 19.3
DBahA+DBacA 6.35± 0.93 6.02± 0.11 23.1 105 5.42
BghiP 37.2± 2.2 40.8± 0.4 9.31 91.1 −8.90
Averagec — — 12.2 96.7 |12.4|
aExpanded uncertainty about the mean, with coverage factor, k� 2; baccuracy� (experimental value− certified value)× 100/certified value; cexcept Naph
and Acy.

Table 5: Soxhlet extraction-GC/MS method validation parameters for the 16 EPA PAHs in SRM 1649b (n � 7).

PAH Experimental mean (ng)a NIST-certified value (ng)a RSD (%) Recovery (%) Accuracyb (%)
Naph 67.3± 18.6 391± 35 33.8 17.2 −82.8
Acy 20.2± 5.9 79.9± 9.5 35.9 25.2 −74.8
Ace 25.0± 5.4 81.6± 16.5 26.5 30.7 −69.4
FL 32.6± 9.2 92.3± 14.4 34.5 35.3 −64.7
Phe 1215± 331 1668± 24 33.4 72.8 −27.2
Ant 104± 25 169± 1 32.5 61.8 −38.2
Ft 2392± 559 2573± 32 31.0 93.0 −7.05
Pyr 1914± 398 2054± 57 27.6 93.2 −6.79
BaA 808± 148 870± 20 24.3 92.9 −7.13
Chry 1632± 464 1256± 11 37.6 129 29.9
BbFt + BjFt 3144± 800 3260± 91 33.7 96.4 −3.58
BkFt 921± 319 702± 20 45.9 131 31.3
BaP 1019± 271 1018± 98 35.2 100 0.07
IP 1109± 296 1192± 65 35.4 93.1 −6.89
DBahA+DBacA 507± 176 241± 4 45.9 363 263
BghiP 2143± 580 1777± 32 35.8 120 20.6
Averagec — — 34.9 120 |36.8|
aExpanded uncertainty about the mean, with coverage factor, k� 2; baccuracy� (experimental value− certified value)× 100/certified value; cexcept Naph, Acy,
Ace, and FL.
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collected in the city of Bilbao, Spain (longitude 2°56′56.24″W,
latitude 3°15′44.86″N). Bilbao city is the most populated area in
the BasqueCountry and the tenth largest in Spain (approximately
350,000 in the city and 1 million inhabitants in the metropolitan
area). In this urban area, local traffic and stationary emissions
from the surrounding industries are considered as the major
sources of atmospheric pollutants [28].

During seven consecutive days per month, eight-hour
PM10 samples were collected at a flow rate of 30m3·h−1.

A total of 182 PM10 samples were collected over 9
months (between July 2013 and June 2014). Each sample was
randomly cut into 8 portions of 1 cm2 and introduced into
the sampling tube and analyzed using the optimizedmethod.

*is was performed in the same way as other studies [29, 30],
which demonstrated good homogeneity results when using
small sections of the filters.

Table 7 shows the descriptive statistics (number of valid
data, mean, standard deviation, minimum, maximum, 5th,
and 95th percentiles) for individual PAH concentrations
measured by using the TD-GC/MS method in the city of
Bilbao (urban area). PAHs which showed overestimation in
the SRM analysis (Naph and Acy) or poor precision in the
RRF determination (Ret) were not measured in the real
samples.

*e average concentration of individual EPA PAHs in
Bilbao ranged from 0.04± 0.05 to 0.50± 0.76 ng·m−3, whereas

Table 6: Reference PAH, RRFs, and the relative standard deviations (RSDs) for each nonpriority PAH.

Nonpriority PAH Reference PAH RRF RSD (%)
BghiFt BaA 1.29 6.68
BcP BaA 0.76 13.2
CPP BaA 0.31 15.1
Triph BaA 0.69 16.1
Ret BaA 1.13 25.6
BaFt BkFt 0.99 11.3
BeP BaP 1.31 4.10
Per BaP 0.94 4.05
DBajA IP 4.74 4.49
BbC IP 1.08 6.16
Pic IP 0.64 10.2
Anthan BghiP 0.40 8.54
Cor BghiP 0.54 15.8

Table 7: Descriptive statistics of the individual particle-bound PAH concentrations measured in the city of Bilbao.

PAH N Average (ng·m−3) SD (ng·m−3) Min. (ng·m−3) Max. (ng·m−3) 5th percentile (ng·m−3) 95th percentile
(ng·m−3)

Ace∗ 180 0.22 0.27 4.00 × 10−3 1.69 0.02 0.85
FL∗ 182 0.08 0.07 0.01 0.61 0.02 0.22
Phe∗ 182 0.17 0.12 0.03 0.80 0.05 0.41
Ant∗ 182 0.04 0.05 4.00 × 10−3 0.48 0.01 0.14
Ft∗ 182 0.26 0.22 0.03 1.38 0.06 0.73
Pyr∗ 182 0.27 0.23 0.02 1.48 0.05 0.73
BghiFt 118 0.20 0.19 0.01 0.87 0.03 0.60
BcP 181 0.06 0.06 4.00 × 10−3 0.40 8.00 × 10−3 0.20
CPP 73 0.07 0.16 3.00 × 10−3 0.95 5.00 × 10−3 0.48
BaA∗ 182 0.16 0.22 0.01 1.45 0.02 0.62
Triph 164 0.14 0.13 0.02 0.74 0.03 0.43
Chry∗ 182 0.22 0.24 0.03 1.35 0.04 0.81
BbFt∗ +BjFt 175 0.50 0.76 0.03 5.98 0.06 2.08
BkFt∗ 174 0.18 0.23 0.01 1.41 0.03 0.64
BaFt 141 0.05 0.07 3.00 × 10−3 0.39 4.00 × 10−3 0.21
BeP 169 0.26 0.32 0.01 1.83 0.03 0.93
BaP∗ 170 0.16 0.20 0.01 1.16 0.02 0.70
Per 159 0.03 0.04 2.00 × 10−3 0.19 4.00 × 10−3 0.14
DBajA 111 0.01 0.01 2.00 × 10−4 0.06 4.00 × 10−4 0.03
IP∗ 161 0.17 0.24 1.00 × 10−3 1.52 0.01 0.70
DBahA∗ +DBacA 143 0.05 0.06 3.00 × 10−4 0.38 3.00 × 10−3 0.19
BbC 62 0.01 0.01 2.00 × 10−3 0.05 3.00 × 10−3 0.04
Pic 63 0.03 0.04 3.00 × 10−3 0.24 4.00 × 10−3 0.13
BghiP∗ 174 0.20 0.19 0.01 1.03 0.04 0.66
Anthan 48 0.03 0.05 3.00 × 10−3 0.26 3.00 × 10−3 0.15
Cor 53 0.10 0.12 0.01 0.44 0.02 0.36
∗PAH listed as priority pollutant by US-EPA.
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the nonpriority PAHs were between 0.01± 0.01 and 0.26±
0.32 ng·m−3. *e EPA PAHs reported minimum values be-
tween 4.00 × 10−3 and 0.03 ng·m−3 for most of the com-
pounds, which are between 1.1 and 14.6 times the MDL,
showing the suitability of the proposed method to determine
particle-bound PAHs in real PM10 samples. Although the
minimums of IP and DBahA were below their MDL, these
values meant only the 5% or less of the measured samples.

Among compounds, BbFtwas themajor contributor to total
PAHs (average concentration of 0.5±0.76ng·m−3), followed by
Pyr (0.27±0.23ng·m−3), Ft (0.26±0.22ng·m−3), BeP (0.26±
0.32ng·m−3), and Chry (0.22±0.24ng·m−3). *e high presence
of these compounds in PM10 fraction has been reported by
previous studies [31, 32] in urban areas with traffic loads.

4. Conclusions

*e method developed in this study, based on thermal
desorption, showed a good efficiency for the determination
of particle-bound PAHs. *e use of a solvent-free extraction
technique has showed numerous advantages (less sample
manipulation and analysis time, reduced exposure risk, and
higher sensitivity and reliability) that enable a better per-
formance (good recovery, precision, and accuracy) for the
determination of particle-bound PAHs; however, the lowest
molecular weight PAHs (Naph and Acy) could be over-
estimated by this methodology.

Parameters such as tube and trap temperature, time,
desorption, and split flows (inlet and outlet) were critical in
the thermal desorption of PAHs. *e optimized TD-GC/MS
method showed an efficient desorption of PAHs with re-
coveries higher than 94%.

*e results obtained in the validation of TD-GC/MS by
standard reference material (urban dust) demonstrated that
this is a reliable method to determine particulate PAHs in
aerosol samples (good precision and accuracy), with average
recovery efficiency of 96.67 and a mean RSD value of 12.18.
Comparing with the conventional method Soxhlet-GC/MS,
the TD-CG/MS method demonstrated a better performance
for the determination of PAHs. Besides 16 EPA PAHs, the
TD-GC/MS method demonstrated its ability to quantify
other PAHs in aerosol samples.

Finally, the method was successfully applied for the
quantification of PAHs in real PM10 samples collected with
a time resolution of 8 h.
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Supplementary Materials

*e representative SCAN chromatograms of the 16 EPAs
and deuterated PAHs and also the SIM chromatograms of
the target PAHs (16 EPA PAH+15 PAH) obtained in the
SRM 1649b analysis are shown in the supplementary ma-
terial. Figure S1: chromatogram of 16 EPA and deuterated
PAHs in SCAN mode, from 0 to 15min: (1) Naph-d8, (2)
Naph, (3) Bph-d10, (4) Acy, (5) Ace, and (6) FL. Figure S2:
chromatogram of 16 EPA and deuterated PAHs in SCAN
mode, from 15 to 20.5min: (7) Phe-d10, (8) Phe, (9) Ant,
(10) Ft, (11) Pyr-d10, and (12) Pyr. Figure S3: chromatogram
of 16 EPA and deuterated PAHs in SCAN mode, from 22.5
to 35.5min: (13) BaA-d12, (14) BaA, (15) Chry, (16) BbFt,
(17) BkFt, (18) BaP-d10, (19) BaP, (20) IP, (21) DBahA, (22)
BghiP-d12, and (23) BghiP. Figure S4: PAHs and deuterated
PAHs in SIM windows (m/z 226, 240, 228, and 234) in the
analysis of NIST SRM 1649b dust. Figure S5: PAHs and
deuterated PAHs in SIM windows (m/z 252 and 264) in the
analysis of NIST SRM 1649b dust. Figure S6: PAHs and
deuterated PAHs in SIM windows (m/z 276, 288, and 278) in
the analysis of NIST SRM 1649b dust. Figure S7: PAHs and
deuterated PAHs in m/z 300 SIM window in the analysis of
NIST SRM 1649b dust. (Supplementary Materials)
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Development and validation of sensitive and selective method for enantioseparation and quantitation of synthetic cathinones is
reported using GC-MS triple quadrupole mass spectrometry with negative chemical ionization (NCI) mode. Indirect chiral
separation of thirty-six synthetic cathinone compounds has been achieved by using an optically pure chiral derivatizing agent
(CDA) called (S)-(−)-N-(trifluoroacetyl)pyrrolidine-2-carbonyl chloride (L-TPC), which converts cathinone enantiomers into
diastereoisomers that can be separated on achiral columns. As a result of using Ultra Inert 60m column and performing slow
heating rate (2°C/min) on the GC oven, an observed enhancement in enantiomer peak resolution has been achieved. An internal
standard, (+)-cathinone, was used for quantitation of synthetic cathinones. Method validation in terms of linearities and
sensitivity in terms of limits of detection (LODs), limits of quantitation (LOQs), recoveries, and reproducibilities has been
obtained for fourteen selected compounds that examined simultaneously as a mixture after being spiked in urine and plasma. It
was found that the LOD of the fourteen synthetic cathinones in urine was in the range of 0.26–0.76 µg/L, and in plasma, it was in
the range of 0.26–0.34 µg/L. While the LOQ of the mixture in urine was in the range of 0.86–2.34 µg/L, and in plasma, it was in the
range of 0.89–1.12 µg/L. Unlike the electron impact (EI) ion source, NCI showed better sensitivity by two orders of magnitude by
comparing the obtained results with the recently published reports for quantitative analysis and enantioseparation of
synthetic cathinones.

1. Introduction

From the beginning of the new century till now, governments
and forensic science specialists are suffering from a nightmare
called new designer substances (NDS), which comprise a risk
in society that is growing up day by day. Presently, the latest
version ofNDS is called “bath salts,” and they overrun the drug
of abuse market. Bath salts are a group of central nervous
system stimulants that consists mainly of synthetic cathinone
derivatives [1]. In nature, cathinone (β-keto amphetamine)
exists in the leaves of the Catha edulis plant, which can be
found easily in the region of northeast Africa and the Arabian
Peninsula [2]. However, scientists have synthesized cathinones
in laboratory when the Germans and the French chemists

synthesized methcathinone for the first time in the late 1920s
[3]. During the 1930s and 1940s, methcathinone was available
in pharmacological markets as an appetite suppressant and
antidepressant medicine [4]. Methcathinone abuse spread to
the USA at 1991, and as a result of that, it was included in
the UN Convention on Psychotropic Substances [5]. In the
meantime, drug dealers were looking for new strategies to sell
their products and they found it by the “novel psychoactive
substances,” drugs which contain at least one chemical sub-
stance that has similar biological effects as of illegal drugs. For
instance, “Explosion” is the trade name of the synthetic
cathinone methylone, which emerged for sale in Japan and
Netherlands via the Internet in 2004 [6]. In 2007, 4-methyl
methcathinone (mephedrone) became one of the most
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commonly abused drugs in Europe [6]. (us, concerns about
the abuse of novel psychoactive substances especially
cathinone-related derivatives grew up in Europe which gave
rise to ban of cathinone derivatives in April 2010 by the UK
government and by the European Monitoring Centre for
Drugs and Drug Addiction (EMCDDA) [7]. Despite all the
actions taken by legal authorities, an intense attention by drug
dealers has been put on the synthesis of new generations of
synthetic cathinone derivatives.

In order to obviate the abuse risks of these psychoactive
stimulants, focused studies should be carried out on the
neuropharmacological properties of the active compounds.
(is can be accomplished by separating the enantiomers
using a selective and sensitive method. However, the current
separation and detection methods are not completely ef-
fective; therefore, a new separation and detection method is
reported in this work. In nature, cathinone exists as a ra-
cemic mixture that contains one chiral center which means
that it has two enantiomers and commonly one of them will
have greater psychological effect in human biological system
than the other enantiomer [8]. For example, it has been
found that the stimulating effect of (S)-methcathinone is
higher than (R)-methcathinone [8]. However, the literature
limitation of the pharmacological data for the new cathinone
derivatives racemates lets researchers assume that the case
for most phenylalkylamine compounds will be similar to
methcathinone. As a result of that, enantioseparation of
chiral synthetic cathinones became an attractive and
promised field of research where the use of major separation
techniques took place such as gas chromatography [8, 9],
high-performance liquid chromatography (HPLC) [10–15],
and capillary electrophoresis (CE) [15–22].

Generally, the principle of chiral separation can be
summarized by two different techniques: direct and indirect
chiral separation. (e previously mentioned separation
techniques can be satisfied by applying chiral separation
principles. (e use of direct separation technique for the
enantiomers implies the use of chiral selector which can be
either immobilized on the stationary phase of the column or
dissolved in the mobile phase of the separation system as in
the case for some HPLC and CE chiral methods [23].
However, indirect chiral separation can be achieved by
converting enantiomers to diastereoisomers via de-
rivatization reaction of the targeted compounds with opti-
cally pure chiral derivatizing agents (CDAs) [9]. Moreover,
the resulted diastereoisomers could be separated on achiral
stationary phase column in GC or HPLC system. (S)-(−)-N-
(trifluoroacetyl)pyrrolidine-2-carbonyl chloride (L-TPC) is
one of the well-known CDAs that is readily available in
chemical market and shows impressive results in chiral
separation of the phenylalkylamines mainly on GCMS after
derivatization reaction [8, 9, 24].

In the literature, only few papers have discussed the
chiral separation of L-TPC cathinone derivatives by using
GC-EI-MS [8, 9, 25]. Electron impact (EI) is the most
preferable ionization source in GC-MS, which provides
characteristic and reproducible mass spectrum for each
compound. EI is considered as a hard ionization technique
which provides mass spectra that are rich with low mass

fragments and usually the molecular ion peak is absent [26].
Recently, a short communication on the analysis of twenty-
nine synthetic cathinones in GC-MS/MS with positive
chemical ionization (PCI) mode has been reported [27].
However, no quantitative assessment was given for these
compounds in biological fluids. Unlike EI, determination of
molecular weight and structure elucidation can be carried
out through the use of chemical ionization source coupled
with tandem mass spectrometry [27]. Furthermore, when
the investigated compounds are electronegative moieties, the
use of NCI mode can dramatically improve the sensitivity of
the targeted compounds [28]. In NCI, negative ions are
mainly formed by capturing thermal electrons (low-energy
electrons with nearly 0–2 eV), and this ionization process is
called resonance electron capture. (e electrons are pro-
duced from the filament and lose their energy by collision
and ionization of the reagent gas molecules. If electrons have
enough energy (2–15 eV) to break up molecules, fragmen-
tation occurs and this ionization process is called disso-
ciative electron capture. NCI is highly sensitive and selective
for compounds with a positive electron affinity. It is a soft
ionization method, like PCI, so a NCI spectrum is relatively
simple [29].

(ere are no reports in the literature that discuss the use
of GC-MS in negative chemical ionization mode for
quantitative analysis of synthetic cathinones. (e electrons
emitted from a filament lose their energy to become thermal
electrons by collision with reagent gas and ionization of
reagent gas molecules. Nearly, 0 eV electrons are captured by
molecules so that molecular ions are produced (resonance
electron capture). If electrons have enough energy to break
up molecules, fragmentation occurs (dissociative electron
capture) [29].

In this work, a sensitive and selective GC-NCI-MS
method has been developed to analyze thirty-six synthetic
cathinone compounds after their conversion into di-
astereoisomers through the derivatization reaction with
L-TPC. Quantitative analysis of spiked urine and plasma
samples was conducted for fourteen of these synthetic
cathinones (Scheme 1), which were analyzed in one mixture
simultaneously. (e method validation was performed on
spiked biological samples and found to produce complete
separation of the synthetic cathinone enantiomers on achiral
capillary GC column in addition to sensitive detection of low
concentrations in the µg/L range better than the previous
reported methods that use EI and positive CI ionization
mass spectrometry.

2. Experimental

2.1. Chromatographic Conditions. Chromatographic sepa-
ration was performed on an Agilent 7890AGC coupled to an
Agilent 7000 Triple Quad mass selective detector. A com-
mercially available 60m HP-5MS Ultra Inert capillary col-
umn, with 0.25mm inner diameter and a 0.25 µm film
thickness was used as the stationary phase. Chemical ion-
ization (CI) with methane gas (40%, 2.0mL/min) was
employed in the negative ion mode at a voltage of 70 eV.
Helium was used as the carrier gas at a constant flow rate of
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0.8mL/min. Injection of 3 µl of sample solution was per-
formed automatically in splitless mode. �e injector and
GC-MS interface temperatures were set at 250 and 280°C,
respectively. Data collection was performed in selected ion
monitoring (SIM) mode with the selected fragment ions as
shown in Table 1, starting at 30min after injection. �e
column temperature program was as follows: starting at 160°C

and then holding for 5min, followed by subsequent heating to
260°C at a heating rate of 2°C/min. �e �nal temperature was
held at 260°C for 10min.

2.2.Chemicals andReagents. All chemicals were of analytical
grade. Ethyl acetate, acetic acid, methanol, 2-propanol,
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ammonium hydroxide, dichloromethane, 0.1M solution of
(S)-(−)-N-(trifluoroacetyl)pyrrolidine-2-carbonyl chloride
(L-TPC) with an enantiomer excess (ee) of 97% (according
to the supplier’s specification) in methylene chloride, an-
hydrous sodium sulfate, and sodium phosphate were ob-
tained from Sigma-Aldrich Chemicals (St. Louis, MO, USA).
Potassium carbonate was obtained from VWR (Darmstadt,
Germany). Doubly deionized water was obtained from
Ultra-Pure Millipore system (MS, USA). All chemicals
shown in Table 2 were purchased from Cayman Chemicals
(Michigan, USA) and were provided as racemic mixtures for
individual cathinones (99% purity).

2.3. Sample Preparation

2.3.1. Samples. (is investigation conforms to the UAE
community guidelines for the use of humans in experiments.
(e Human Ethics Committee at the Dubai Police approved
this study. Blood and urine samples were collected by Dubai
Police with the consent of the subjects.

2.3.2. Solid-Phase Extraction (SPE) of Spiked Urine and
Plasma Samples. SPE was carried out using “Zymark rapid
trace” SPE workstation (Artisan Technology Group,
Champaign, IL, USA), and the column was 200MG clean
screen CSDAU203 from FluoroChem (Hadfield, UK). Urine
samples were diluted in 1 : 2 ratio with doubly deionized
water. Diluted urine (3mL) was spiked with certain con-
centration of synthetic cathinones and 20 µg/L of IS
((+)-cathinone) in addition to 1mL of 0.1M phosphate
buffer (pH 6). For the spiking of plasma samples, 1mL of
plasma was spiked with certain concentration of synthetic
cathinones and 50 ppm of IS ((+)-cathinone) was added in
addition to 3mL of 0.1M phosphate buffer (pH 6). Sample
was shaken thoroughly for 30 s. (e SPE cartridge was
conditioned by adding 3mL of methanol, and the same
volume of deionized water was used with 1mL of 0.1M
phosphate buffer. After that, the spiked urine or plasma
sample was loaded to the cartridge and later the cartridge

was washed by 3mL of methanol followed by 3mL of
deionized water, and finally, 1 mL of 0.1M acetic acid was
added. (e column was left for drying for 5min. Finally,
3 mL of the eluate was collected and evaporated to dryness
under nitrogen gas. Solid-phase extraction procedure is
summarized in Scheme 2.

2.3.3. Derivatization Step. For the analysis of pure and
spiked samples, evaporation step is necessary before de-
rivatization reaction can take place. After the evaporation is
done, 100 µl of deionized water was transferred into a glass
test tube containing the pure sample together with 125 µl of
a saturated aqueous solution of potassium carbonate, 1.5mL
of ethyl acetate, and 12.5 µl of L-TPC. For the analysis of
spiked urine and plasma, 50 µl of L-TPC was used. (e
mixture was covered and stirred for 10min at room tem-
perature. Afterwards, the upper layer was transferred to a new
test tube and dried over anhydrous sodium sulfate. (e dried
solution was evaporated to completion under a gentle nitrogen
stream. (e remaining L-TPC derivative was reconstituted in
certain amount of ethyl acetate—depending on concen-
tration—prior to injection in GC-MS instrument. Scheme 3
summarizes the L-TPC derivatization process of the synthetic
cathinones.

2.4. Method Validation. (e combination of SPE with L-TC
derivatization proved to be useful for the determination of
synthetic cathinones in urine and plasma samples, as no
interferences from endogenous and exogenous compounds
were observed. During the method validation, various pa-
rameters of the method such as linearity, sensitivity, accu-
racy, recovery, and reproducibility were evaluated according
to international criteria.

3. Results

(e indirect chiral separation method that has been de-
veloped is based on the conversion of synthetic cathinones to
L-TPC derivatives. A normal (or achiral) stationary phase

Table 1: Time segments table with selected ions used in SIM mode for the analysis of cathinone mixture.

Compound name Abbreviation Time Mass
(+)-Cathinone — 39.00–41.00 189∗, 209, 342
4-Fluoromethcathinone 4-FMC 41.00–42.50 153, 223∗, 374
4-Fluoroethcathinone 4-FEC 42.50–44.70 167∗, 237, 388
Nor-mephedrone — 44.70–45.06 189, 209∗, 356
Buphedrone — 45.06–47.13 153∗, 223, 3703-Methylmethcathinone 3-MMC
Nor-mephedrone 47.13–48.00 189∗, 209, 356
3-Methylbuphedrone —

48.00–50.15 153∗, 223, 3844-Methylbuphedrone —
3-Ethylmethcathinone 3-EMC
3-Ethylethcathinone 3-EEC

50.15–54.00 167∗, 237, 3984-Ethylethcathinone 4-EEC
3,4-Dimethylethcathinone 3,4-DMEC
2,3-Methylenedioxymethcathinone 2,3-MDMC 54.00–59.00 153∗, 223, 400
Butylone — 59.00–62.00 153, 223∗, 414
Pentylone — 62.00–65.00 156, 223∗, 428
∗(e quantifier mass.
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capillary column has been used for the separation of the
resulting diastereomers due to their di�erent chemical and
physical properties. �e primary and secondary amine
cathinones react with the derivatization reagent L-TPC in
the presence of sodium carbonate, and the amidation re-
action occurs between the acid chloride in L-TPC and the
amine group of the target analytes.�e gas chromatogram in

Figure 1 shows the separation of the (R) and (S) enantiomers
of nor-mephedrone drug after derivatization with L-TPC.
Table 2 shows the retention times, resolution, and selectivity
factors of the separated enantiomers of all the studied
synthetic cathinones. All compounds in Table 2 were ana-
lyzed individually on GC-MS using SIM mode, after going
through the derivatization step.

Table 2: List of the 36 cathinone-related compounds and their synonyms, in addition to the retention times of the separated two di-
astereoisomers for each compound analyzed by GC-MS using SIM mode.

Name Synonyms
Time (min) FWHM

Resolution Selectivity factor (α)
tR1 tR2 P1 P2

1 2-Methoxymethcathinone 2-MeOMC 48.98 49.98 0.061 0.062 9.59 1.03
2 3-Fluoroethcathinone 3-FEC 43 43.3 0.066 0.068 2.64 1.01
3 4-Fluoroethcathinone 4-FEC 42.7 43.2 0.084 0.086 3.47 1.01
4 2,3-Methylenedioxymethcathinone 2,3-MDMC 55.1 56.4 0.078 0.075 10.03 1.03
5 2-Methylmethcathinone 2-MMC 45.1 46.2 0.065 0.07 9.61 1.03
6 Nor-mephedrone — 44.9 47.2 0.078 0.081 17.07 1.06
7 4-Ethylethcathinone 4-EEC 51.6 52.5 0.075 0.076 7.03 1.02
8 3,4-Dimethylethcathinone 3,4-DMEC 52.8 53.6 0.072 0.072 6.56 1.02
9 2-Ethylmethcathinone 2-EMC 47.5 48.6 0.064 0.07 9.69 1.03
10 3-Methoxymethcathinone 3-MeOMC 51.4 51.7 0.059 0.06 2.97 1.01
11 2-Fluoromethcathinone 2-FMC 41.9 43 0.073 0.076 8.71 1.03
12 4-Ethylmethcathinone 4-EMC 50.5 51.7 0.061 0.061 11.61 1.03
13 3-Ethylethcathinone 3-EEC 50.4 51 0.078 0.072 4.72 1.01
14 4-Methylbuphedrone — 48.96 49.4 0.074 0.078 3.42 1.01
15 2,3-Dimethylmethcathinone 2,3-DMMC 49.7 51.1 0.062 0.069 12.61 1.03
16 3-Ethylmethcathinone 3-EMC 49.8 50 0.078 0.074 1.55 1.00
17 3-Fluoromethcathinone 3-FMC 41.7 41.98 0.07 0.065 2.45 1.01
18 4-Fluoromethcathinone 4-FMC 41.5 41.96 0.092 0.084 3.08 1.01
19 2-Methylethcathinone 2-MEC 46.3 47.6 0.073 0.068 10.88 1.03
20 Buphedrone — 45.2 45.4 0.079 0.08 1.48 1.01
21 4-Methyl-α-ethylaminobutiophenone — 49.7 50.3 0.061 0.061 5.80 1.01
22 Pentedrone — 47.6 47.7 0.057 0.053 1.07 1.00
23 Butylone — 59.7 60.6 0.091 0.091 5.84 1.02
24 Pentylone — 62.6 63.2 0.105 0.103 3.40 1.01
25 4-Methylethcathinone 4-MEC 48 49.2 0.058 0.063 11.70 1.03
26 Ethcathinone — 44.2 44.9 0.067 0.067 6.16 1.02
27 3-Methylmethcathinone 3-MMC 46.3 47 0.078 0.077 5.33 1.02
28 4-Bromomethcathinone 4-BMC 53.96 54.3 0.069 0.068 2.93 1.01
29 3-Bromomethcathinone 3-BMC 42.9 43.6 0.090 0.085 4.72 1.02
30 2,4-Dimethylmethcathinone 2,4-DMMC 48.5 49.96 0.063 0.063 13.67 1.04
31 2,4-Dimethylethcathinone 2,4-DMEC 49.8 51.2 0.065 0.071 12.15 1.03
32 3,4-Methylenedioxy-N-ethylcathinone Ethylone 58.6 59.9 0.075 0.079 9.96 1.03
33 3-Methylbuphedrone — 48.4 48.5 0.074 0.074 0.80 1.00
34 N-ethylbuphedrone NEB 45.9 46.1 0.061 0.061 1.93 1.01
35 2,3-Pentylone isomer — 59.1 59.9 0.058 0.07 7.37 1.02
36 3-Methylethcathinone 3-MEC 47.4 48.1 0.063 0.061 6.66 1.02
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Figures 2 and 3 show the total ion current chromatogram

of the fourteen synthetic cathinones spiked in urine and
plasma, respectively. �e resulted enantiomer peaks were
well separated with good peak resolution. To our knowledge,
this is the �rst example in the literature that demonstrates
the separation of fourteen pairs of L-TPC cathinone de-
rivatives in one run analysis of these compounds in complex
matrices of urine and plasma.

Validation of the developed method was performed on
spiked mixtures successfully. Linearity of the calibration
curves, method sensitivity in terms of LOD and LOQ, and
recoveries in addition to interday and intraday reproducibilities
were collected and summarized in Tables 3–5.

�e calibration curves for the fourteen synthetic cath-
inones derivatives were found to be linear within the tested
range of 1 to 100 µg/L in urine and in plasma with mean
regression coe¥cients (R2; n � 3) higher than 0.99. �e

regression coe¥cients and the LOD and LOQ values for the
two enantiomers of the synthetic cathinone compounds in the
mixture that spiked in urine and plasma are reported in Table 3.
�ree di�erent concentration levels were tested for each
enantiomer of these compounds (20, 60 and 100 µg/L) in
order to ensure the reproducibility and to provide the recovery
study of the new method. �e interday and intraday re-
producibilities of the cathinones mixture of urine and
plasma matrices are shown in Table 4. Moreover, percent
error evaluation has been done for the spiked mixture
to obtain the recovery studies which are summarized in
Table 5.

4. Discussion

L-TPC is considered as a chiral derivatizing agentwhich can react
with the primary and secondary amine enantiomers of synthetic
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Figure 1: Gas chromatogram for separation of the R and S enantiomers of Nor-mephedrone drug in methanol after derivatization with L-TPC.
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cathinones producing two corresponding diastereomers. As
a result of the di�erences in stereochemistry and stability of
the formed diastereoisomers, the enantioseparation can
occur on achiral stationary phase with di�erent resolutions
of product compounds [24, 30]. In this study, chiral sep-
aration of 36 racemic mixtures of synthetic cathinone de-
rivatives was carried out: fourteen of them were selected in the
spiked mixtures, and each enantiomer was quantitated in
urine and plasma as shown in the example of nor-mephedrone
in Figure 1. However, the enantioseparations that were ob-
tained showed that there are di�erences in peak areas for the
most resulted diastereoisomers. Mohr et al. assumed that the
reason of inequality in the formed peaks is due to (i) race-
mization of L-TPC during the derivatization reaction, (ii)
kinetic resolution of the two enantiomers, and (iii) the dif-
ference in diastereoisomers’ yields which were explained in
terms of keto-enol tautomerization of the analytes. Moreover,

the main reason for enantiomer peak inequality is related to
the tested compounds themselves [8].

Interestingly, the fourteen spiked synthetic cathinone de-
rivatives were separated simultaneously in one chromatogram
since they have di�erent retention times in the new developed
method as shown in Figures 2 and 3, respectively. Moreover,
enhancement of the resolution of enantiomers’ peaks has been
accomplished by using a slow heating rate of 2°C/min in the
chromatographic method. Also, the use of Ultra Inert column
helped in minimizing the overlap of the two adjacent peaks of
the enantiomers. Chemical ionization conditions have allowed
better detection ofmolecular ion peaks (M-H−) andminimized
the extensive fragmentation of the targeted analytes.

Construction of calibration curves was done for the
diastereoisomers based on the peak areas of the following
concentration levels: 1, 5, 10, 20, 40, 60, 80, and 100 µg/L.
Regression values of the correlation coe¥cient con�rm the
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Figure 3: Total ion current chromatogram (TIC) of the simultaneous chiral separation of 14 synthetic cathinone compounds spiked
in plasma and separated as the following L-TPC derivatives: (a) 4-FMC, (b) 4-FEC, (c) nor-mephedrone, (d) buphendrone, (e) 3-MMC,
(f) 3-methylbuphedrone, (g) 4-methylbuphedrone, (h) 3-EMC, (i) 3-EEC, (j) 4-EEC, (k) 3,4-DMEC, (l) 2,3-MDMC, (m) butylone, and
(n) pentylone.
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Figure 2: Total ion current chromatogram (TIC) of the simultaneous chiral separation of 14 synthetic cathinone compounds spiked in urine and
separated as the following L-TPC derivatives: (a) 4-FMC, (b) 4-FEC, (c) nor-mephedrone, (d) buphedrone, (e) 3-MMC, (f) 3-methylbuphedrone,
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WTgood linearity of the four calibration lines. In order to
correct for the loss of analyte during sample inlet or sample
preparation, (+)-cathinone has been used as IS as it has
a similar structure to synthetic cathinones and shows a good
stability. (e correlation coefficient (R2) values were cal-
culated for the mixture components, and they were found to
be higher than 0.99 in all cases as shown in Table 3. Ad-
ditionally, the LODs and LOQs were calculated according to
the IUPACmethod and are reported in Table 3.(e reported
values of LODs and LOQs for the synthetic cathinones in
this study were in the µg/L range due to the high sensitivity
of the analytical technique (GC-NCI-MS).(e high mobility
electrons that have low mass and energy produced during the
NCI process are responsible for enhanced sensitivity when used
for a suitably electrophilic compound compared to PCI and
EI [29]. (e LOD in urine was in the range of 0.26–0.76µg/L,
and in plasma, it was in the range of 0.26–0.34 µg/L. While
the LOQ in urine was in the range of 0.89–2.34 µg/L, and in
plasma, it was in the range of 0.89–1.12 µg/L (as shown in
Table 3).

(ree different concentration levels were chosen to test the
interday and intraday reproducibility measurements of the
synthetic cathinone compounds mixture of urine and plasma
as shown in Table 3. In fact, good reproducibility and re-
peatability were established using the new developed method
since most of the coefficients of variance values were below

15% in both urine and plasma matrices for measurements
done on the same day or on two different days. In comparison,
between spiked urine and spiked plasma samples, urine samples
were more reproducible than spiked plasma samples because of
the competition between analyte and blood interferences unlike
spiked urine samples where the urine was diluted with deionized
water prior to the spiking step. Moreover, the presence of pro-
teins and other interferences in plasma can cause difficulty in
solid-phase extraction processes and can also create a compe-
tition between the targeted analyte and unneeded interferences
which will lead to variation in spiked plasma results [31].

SPE efficiency was studied by percent error calculations
for the spiked mixture at the following concentration levels:
20, 60, and 100 µg/L. (e calculated values in recovery
studies were within the acceptable range.

By comparing the results of the GC-EI-MS method
recently reported for some of these synthetic cathinones [25]
and the current study results using GC-NCI-MS, the latter
has shown an enhancement of sensitivity by a magnitude of
two orders.(e high sensitivity of NCI is due to the lowmass
and high mobility of the secondary or thermal electrons
(low-energy electrons) produced under the CI high pressure
conditions in the presence of methane reagent gas, which is
responsible for the enhancement factor by nearly 100 times
in the sensitivity of NCI compared to that of positive EI or CI
for a suitably electrophilic compound [29].

Table 3: Results for fourteen cathinone-related compounds spiked in plasma and urine including linearity coefficient, R2 values, limits of
detection, and limits of quantitation for the two enantiomers of each compound.

Plasma Urine
R2 LOQ (µg/L) LOD (µg/L) R2 LOQ (µg/L) LOD (µg/L)

E1 E2 E1 E2 E1 E2 E1 E2 E1 E2 E1 E2

1 4-FMC 0.9905 0.9962 0.957±
0.14

0.924±
0.12

0.29 ±
0.08

0.28±
0.08 0.9903 0.9900 1.09±

0.11
1.06±
0.11

0.33±
0.08

0.32±
0.08

2 4-FEC 0.9908 0.9902 1.023±
0.15

1.122±
0.13

0.31±
0.08

0.34±
0.08 0.9959 0.9914 1.82±

0.16
2.34±
0.16

0.55±
0.1

0.71±
0.1

3 Nor-mephedrone 0.9902 0.9931 0.891±
0.09

1.056±
0.14

0.27±
0.08

0.32±
0.08 0.9949 0.9926 2.15±

0.15
2.51±
0.16

0.65±
0.1

0.76±
0.1

4 Buphedrone 0.9933 0.9907 0.891±
0.09

0.858±
0.08

0.27±
0.08

0.26±
0.08 0.9931 0.9922 0.96±

0.14
0.92±
0.10

0.29±
0.07

0.28±
0.07

5 3-MMC 0.9904 0.9903 0.891±
0.09

0.858±
0.08

0.27 ±
0.08

0.26±
0.08 0.9944 0.9957 1.02±

0.15
0.92±
0.09

0.31±
0.08

0.28±
0.07

6 3-
Methylbuphedrone 0.9902 0.9914 0.99±

0.11
1.023±
0.15

0.3±
0.08

0.31±
0.08 0.9941 0.9931 1.02±

0.15
0.99±
0.11

0.31±
0.07

0.3±
0.07

7 4-
Methylbuphedrone 0.9910 0.9919 1.056±

0.10
1.056±
0.10

0.32±
0.08

0.32±
0.08 0.9902 0.9919 1.12±

0.13
1.09±
0.11

0.34±
0.09

0.33±
0.08

8 3-EMC 0.9945 0.9915 1.155±
0.11

1.089±
0.10

0.35±
0.08

0.33±
0.08 0.9901 0.9906 1.12±

0.11
1.06±
0.11

0.34±
0.08

0.32±
0.08

9 3-EEC 0.9952 0.9905 1.023±
0.11

0.957±
0.14

0.31±
0.08

0.29±
0.08 0.9980 0.9921 1.02±

0.15
1.09±
0.10

0.31±
0.07

0.33±
0.08

10 4-EEC 0.9942 0.9907 0.957±
0.14

0.858±
0.10

0.29±
0.08

0.26±
0.08 0.9907 0.9901 1.09±

0.10
1.12±
0.11

0.33±
0.08

0.34±
0.07

11 3,4-DMEC 0.9904 0.9909 0.99±
0.10

1.056±
0.10

0.3±
0.08

0.32±
0.08 0.9924 0.9912 1.12±

0.11
1.39±
0.11

0.34±
0.08

0.42±
0.09

12 2,3-MDMC 0.9900 0.9918 1.122±
0.10

1.089±
0.10

0.34±
0.08

0.33±
0.08 0.9927 0.9916 1.35±

0.13
1.35±
0.11

0.41±
0.09

0.41±
0.09

13 Butylone 0.9950 0.9920 0.924±
0.09

0.957 ±
0.14

0.28±
0.08

0.29±
0.08 0.9920 0.9908 0.86±

0.11
0.89±
0.09

0.26±
0.08

0.27±
0.07

14 Pentylone 0.9940 0.9969 0.858±
0.09

0.957±
0.14

0.26±
0.08

0.29±
0.08 0.9923 0.9901 0.96±

0.10
0.86±
0.11

0.29±
0.07

0.26±
0.08
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5. Conclusion

Indirect chiral separation of synthetic cathinones after de-
rivatization with trifluoroacetyl-l-prolyl chloride (L-TPC)
was achieved using a new developed method of GC-NCI-MS

in SIMmode, which provided high sensitivity and selectivity
for the separation and quantitation of the targeted com-
pounds. (e use of 60m HP-5MS Ultra Inert capillary
column helps to separate more than thirty-six compounds of
synthetic cathinones to their diastereomers. NCI has shown

Table 4: Interday and intraday reproducibility results in terms of coefficient of variance for fourteen cathinone-related compounds spiked in
urine and plasma at three different concentration levels for the two enantiomers of each compound.

CV% intraday CV% interday
20 µg/L 60 µg/L 100 µg/L 20 µg/L 60 µg/L 100 µg/L

E1 E2 E1 E2 E1 E2 E1 E2 E1 E2 E1 E2
1 4-FMC U 3.61 3.11 1.04 1.79 0.41 1.33 10.26 11.85 10.28 12.02 8.14 7.6

P 6 4.79 2.59 5.36 2.26 2.59 11.01 10.6 10.99 13.3 10.95 12.35
2 4-FEC U 2.22 5.32 1.75 1.53 2.03 1.69 5.67 10.9 14.69 15.74 15.8 16.13

P 10.57 11.65 5.31 3.89 1.69 2.21 7.44 8.43 7.59 11.25 6.65 7.76
3 Nor-mephedrone U 0.7 1.01 2.13 1.64 2 2.17 3.07 4.57 3.5 4.43 1.75 4.91

P 7.59 7.95 3.07 3.51 2.79 6.97 6.01 7.1 14.13 6.48 14.3 14.21
4 Buphedrone U 1.42 1.6 1.89 2.28 2.12 1.17 5.6 14.08 15.31 16.91 16.62 15.29

P 11.13 10.88 3.37 6.27 1.32 3.14 8.04 8.49 13.39 14.26 5 8.32
5 3-MMC U 3.68 2.03 0.93 1.66 0.39 1.34 12.27 9.02 1.72 2.41 0.82 1.29

P 9.74 12.68 4.55 6.19 2.51 3.69 8.42 9.85 4.03 4.78 16.3 16.97
6 3-Methylbuphedrone U 1.36 3.07 2.06 4.48 0.93 1.09 5.32 14.73 6.73 11.96 10.04 9.44

P 10.58 11.42 5.04 5.44 1.19 3.58 7 7.9 10.55 15.34 13.67 14.31
7 4-Methylbuphedrone U 1.25 2.16 0.35 0.75 0.68 1.14 3.73 11.28 9.25 2.04 10.22 9.93

P 9.77 11.67 5.41 4.49 2.42 2.82 9.25 11.85 19.55 6.83 18.03 19.59
8 3-EMC U 2.38 2.57 0.63 2.1 0.74 1.69 14.53 14.81 13.18 3.51 7.62 10.98

P 11.36 8.27 5.41 4.55 3.01 3.16 11.35 9.79 19.65 7.13 19.04 17.92
9 3-EEC U 3.22 6.13 1.13 3.6 1.71 2.13 13.29 15.44 8.42 10.94 3.27 4.1

P 8.81 12.64 4.3 5.28 3.15 3.71 6.62 9.27 10.19 12.67 14.15 14.82
10 4-EEC U 3.45 1.85 0.93 2.17 0.84 0.82 14.48 11.31 9.31 12.68 7.19 1.8

P 11.48 10.53 6.12 4.48 4.24 3.59 8.31 9.46 19.81 19.9 10.97 15.42
11 3,4-DMEC U 3.7 3.5 1.97 1.02 3.44 2.16 16.54 14.77 10.92 14.49 3.07 2.62

P 12.11 13.14 4.5 6.31 3.26 3.06 9.44 11.05 18.98 20.31 9.66 15.7
12 2,3-MDMC U 2.07 3.24 3.16 1.43 4.11 5.56 5.5 4.43 13.57 14.03 5.74 6.6

P 10.94 7.12 2.74 4.02 7.24 7.13 9.2 5.11 3.41 4.46 19.77 19.35
13 Butylone U 5.14 6.26 1.36 0.5 0.85 0.88 12.57 14.11 14.56 14.9 1.25 1.56

P 10.78 12.89 4.97 6.67 2.63 3.25 11.42 13.6 3.66 7.62 9.06 9.14
14 Pentylone U 7.1 1.34 2.59 1.84 1.83 0.19 12.98 5.99 12.77 14.03 2.29 3.86

P 10.2 18.64 3.74 5.93 2 2.06 10.29 19.91 9.77 6.67 5.01 6.59
U: urine; P: plasma; CV: coefficient of variance; E1: enantiomer 1; E2: enantiomer 2.

Table 5: Recovery measurements expressed in percent errors for three different concentrations of the cathinone-related compounds spiked
in urine matrix.

Plasma (error %) Urine (error %)
20 µg/L 60 µg/L 100 µg/L 20 µg/L 60 µg/L 100 µg/L

E1 E2 E1 E2 E1 E2 E1 E2 E1 E2 E1 E2
1 4-FMC 2.63 5.32 2.48 0.62 2.45 0.26 0.8 10.57 9.49 8.47 1.24 0.68
2 4-FEC 0.17 4.89 5.8 3.1 2.19 1.6 9.28 5.31 2.38 9.21 0.1 0.61
3 Nor-mephedrone 5.64 1.94 3.25 7.64 1.69 2.64 8.67 7.48 1.82 4.48 1.71 0.69
4 Buphedrone 3.18 5.94 0.79 3.78 0.06 1.71 9.12 5.58 4.84 4.88 1.9 0.72
5 3-MMC 1.03 1.47 0.87 0.55 0.74 1.4 3.91 3.02 4.91 3.54 0.25 0.91
6 3-Methylbuphedrone 1.26 7.1 6.41 9.61 4.03 1.71 3.71 9.13 4.09 0.15 1.54 1.77
7 4-Methylbuphedrone 0.69 5.64 1.77 0.73 2.56 1.9 1.15 0.42 0.97 2.54 2.3 4.01
8 3-EMC 0.65 5.73 2.19 4.7 0.56 0.52 3.61 1.27 4.86 8.04 1.55 3.32
9 3-EEC 8.7 7.62 2.22 1.06 0.42 0.34 5.69 4.88 2.1 4.18 2.44 2.22
10 4-EEC 4.38 5.72 7.91 5.68 2.01 2.32 2.37 12.25 0.66 6.64 0.9 1.52
11 3,4-DMEC 4.36 3.85 2.2 2.46 1.89 2.93 9.61 7.83 7.35 8.05 2.07 1.64
12 2,3-MDMC 9.98 8.22 6.17 8.34 1.97 3.51 7.25 10.31 9.45 6.68 0.94 0.54
13 Butylone 1.41 10.98 2.05 5.97 1.62 1.98 2.93 3.78 8.95 8.38 0.83 0.24
14 Pentylone 5.8 10.43 1.07 1.47 1.68 0.22 9.54 0.05 0.14 3.25 2.52 3.14
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to be an effective ionizationmethod for these cathinones and
resulted in lower detection limits when compared to pre-
vious reports. A mixture of fourteen cathinone derivatives
that were spiked in urine and plasma was separated in one
chromatogram simultaneously. For each enantiomer peak in
the cathinone mixture chromatogram, calibration curve was
constructed using the following concentration levels: 1, 5, 10,
20, 40, 60, 80, and 100 µg/L. (e developed method was
validated in terms of linearities, LOD, LOQ, reproducibilities,
and recoveries for all the tested mixtures.
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*e use of electronic cigarettes (e-cigarettes) is a growing trend in population. E-cigarettes are evolving at a rapid rate with variety
of battery powered devices and combustible nicotine refills such as e-liquids. In contrast to conventional cigarettes which are
studied well for their toxicity and health effects, long-term clinical data on e-cigarettes are not available yet. *erefore, safety of
e-cigarettes is still a major concern. Although the Food and Drug Administration (FDA) has recently started regulating e-cigarette
products, no limits on nicotine and other ingredients in such products have been proposed. Considering the regulatory re-
quirements, it is critical that reliable and standardized analytical methods for analyzing nicotine and other ingredients in
e-cigarette products such as e-liquids are available. Here, we are reporting a fully validated high-performance liquid chro-
matography (HPLC) method based on nicotine peak purity for accurately quantifying nicotine in various e-liquids. *e method
has been validated as per ICH Q2(R1) and USP <1225> guidelines. *e method is specific, precise, accurate, and linear to analyze
nicotine in e-liquids with 1 to >50mg/mL of nicotine. Additionally, the method has been proven robust and flexible for pa-
rameters such as change in flow rate, column oven temperature, and organic phase composition, which proves applicability of the
method over wide variety of e-liquids in market.

1. Introduction

*e growing popularity of e-cigarettes and vast number of
available choices of e-liquids necessitate stringent analytical
measurements and controls of these products for quality and
regulations. As evolution of e-cigarettes is underway, a large
number of e-liquids are being introduced in market [1]. A
study carried out on the online market of e-cigarettes by Zhu
et al. in [1] showed that there are more than 7700 e-liquid
flavors available to customers. Such market is mainly In-
ternet market where there is least control on quality and sale
of e-cigarette products [2]. In past few years, several public
health organizations and policy makers have expressed
concerns over the safety and health impact of e-cigarettes
[3, 4]. As a result, effective from August 8, 2016, all products
meeting the statutory definition of tobacco products as per

Tobacco Control Act are subject to regulations by Food and
Drug Administration [5]. Such products also include
e-cigarettes and e-liquids [5]. Although e-liquids are now
subject to FDA regulations, guidelines and permissible limits
of nicotine and other ingredients of e-liquids have not been
finalized yet due to several reasons such as lack of definitive
and long-term clinical data, assessment of safety claims about
e-cigarettes [6–8], and standardized analytical methods [9].
*e nicotine in e-liquid products is addictive and can be toxic
in high doses [10]. Previous studies have shown that nicotine
content in many e-liquids is highly variable than what is
mentioned on label claim [11, 12].

Currently, there are several published methods to measure
nicotine in e-liquids using gas chromatography with flame
ionization detector (GC-FID), gas chromatography-mass
spectrometry (GC-MS), and liquid chromatography-mass
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spectrometry (LC-MS) [13–16]. In contrast, there are few
HPLC methods published for measuring nicotine in e-liquids.
In Table 1, a summary of current available HPLC methods for
measuring nicotine in e-liquids with associated validation
parameters and shortcomings is assessed.

GC and mass analyzers are not available across all labo-
ratories and may not be suitable for routine e-liquid analysis.
HPLC methods published have several shortcomings as de-
scribed in Table 1. To address these concerns, we report
a standardized and alternative analytical HPLC method for
quantification of nicotine in e-liquids of various flavors. As
stated above, e-liquids contain a variety of ingredients other
than nicotine. *erefore, it become necessary to accurately
quantify nicotine without interference from other flavoring
ingredients. As mentioned earlier, few HPLC methods have
been published for quantification of nicotine in e-liquids.
However, none of the method describes the peak purity of
nicotine and also do not provide data for full validation of
methods. Lack of reliable validation parameters questions the
accuracy of data obtained and conclusions derived by such
methods [9].

*e current paper focuses on quantitative analysis of
nicotine based on the peak purity criteria of nicotine using
photo diode array (PDA) detector. Peak purity is an algo-
rithm in the chromatographic software. It is analysis of
absorbance spectra across a peak to determine similarity or
differences between them. Differences in the spectra across
a peak indicate that two more compounds are eluting at the
same retention time. A peak is said to be pure if its purity
angle is less than purity threshold [19]. Although peak purity
may not serve as a full proof for chemical purity especially in
active pharmaceutical ingredients (API), it serves as an
important passing criterion for analytes in formulations.
Besides, peak purity criterion is recommended by FDA and
commonly used in pharmaceutical industries for analytes in
formulations separated by chromatographic methods such
as HPLC [19, 20].

*e objective of this research was to develop and validate
a HPLC analytical method for nicotine analysis in e-liquids.
Additionally, taking into consideration the variety of flavoring
ingredients in e-liquids, we also aimed to perform robustness
study of themethodwith change in organic phase composition
to achieve nicotine peak purity and optimum resolution (≥1.5)
[21, 22] between nicotine and other ingredients.

2. Materials and Methods

2.1. Instrumentation. Method development and validation
activities were carried out using a Waters Alliance 2695
quaternary pump HPLC equipped with Waters 996 PDA
detector, Hypersil Gold Phenyl column (150mm× 4.6mm,
3µm, *ermo Scientific™, USA) and a Security Guard Car-
tridge Phenyl (4mm× 2.0mm, Phenomenex, USA). Waters
Empower 2 software was used for processing data.

2.2. Chemicals and Reagents. Nicotine hydrogen tartrate
standard (purity 93.14%) was purchased from Glentham
Life Sciences, United Kingdom. Nicotine liquid standard

(purity ≥99%) was purchased from Sigma-Aldrich, USA.
HPLC grade acetonitrile, methanol, and water were
purchased from BDH Chemicals, VWR, USA. Ortho-
phosphoric acid (85%) was purchased from Merck, USA.
Triethyl amine and hydrochloric acid (37%) were purchased
from Sigma-Aldrich, USA. Sodium hydroxide (10N) and
hydrogen peroxide (30%) were purchased from BDH
Chemicals, VWR, USA. Propylene glycol was purchased from
Amresco LLC, VWR, USA. USP grade vegetable glycerin was
purchased from JT Baker, USA. e-Liquids without nicotine
(placebo) with variety of flavors of major categories were used.
One e-liquid from each category of tobacco, vanilla, and two
e-liquids from fruit flavors were purchased from Avail Vapor,
USA. Eight other e-liquids were purchased from Direct Vapor
online vape shop, USA, such as two e-liquids from each
category of menthol, sweet, tobacco, and one from each
category of fruit and coffee flavors. All e-liquids were coded
with letters for the analysis.

2.3. Chromatographic Conditions. A gradient method was
developed using an HPLC equipped with a quaternary pump
system. Mobile phase A was 0.1% (v/v) triethyl amine in
water with pH adjusted to 7.6± 0.05 by orthophosphoric
acid (85%) and sodium hydroxide solution (1N). Mobile
phases B and C were 0.1% (v/v) triethyl amine in methanol
and acetonitrile, respectively. Mobile phase D and diluent
were 80% (v/v) methanol in water. *e chromatographic
conditions were run as shown in Tables 2 and 3. Peak purity
analysis of nicotine peak was performed using threshold as
“noise + solvent angle” calculated from blank and standard
response using PDA detector (230 nm–350 nm).

2.4. Preparation of Reagents. Standard stock solution of
nicotine hydrogen tartrate (1mg/mL) in diluent was used for
analysis. e-Liquids (8mg/mL) were prepared by dissolving
liquid nicotine standard in each flavored matrix. Similarly,
quality control (QC) samples were prepared by dissolving
liquid nicotine standard in unflavored matrix of propylene
glycol and vegetable glycerin (1 :1 v/v). Assay samples
(80 µg/mL) were prepared by 100-fold dilution of e-liquids
and QC in diluent.

2.5. Method Validation. *e method for nicotine quantifi-
cation from e-liquids was validated as per ICH Q2(R1) and
USP <1225> guidelines for specificity, linearity, accuracy,
precision, LOD, LOQ, and robustness [20, 23].

2.5.1. Specificity. Specificity of the method for nicotine
quantification was established by performing forced deg-
radation studies on various e-liquid assay samples, placebos,
and blanks. Samples were subjected to acid hydrolysis, base
hydrolysis, oxidation, and thermal degradation as men-
tioned in Table 4. Stressed samples were analyzed for %
degradation, nicotine peak purity, and any degradant peak of
nicotine.
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2.5.2. Linearity. Linearity of the method was established
over the range of 0.4 µg/mL to 500 µg/mL of nicotine. Two
sets of nicotine standard levels were prepared at 0.4, 10, 50,
100, 200, and 500 µg/mL concentrations for generation of
the calibration curve. *e residual percent of nicotine was
calculated by using the equation of the best fit line. Linearity
was evaluated by linear equation, coefficient of variation (r2),
and Y-intercept.

2.5.3. Accuracy. Accuracy was established by analyzing
standard and QC samples three times at 50%, 100%, and 150%

of the assay level (80µg/mL). *e averages of the results were
calculated against the respective averages of standards pre-
pared at approximately the same concentrations. Equation (1)
was used to calculate % nicotine recovery:

%nicotine recovery �
Ru
Rs

  ×
Cs
Cu

  × 100, (1)

where Ru� peak area of 50%, 100%, or 150% assay level,
Rs� average peak area of standard preparations of respective
assay level, Cs� concentration of standard preparation, and
Cu� concentration of assay level.

2.5.4. Precision. Precision was expressed as the standard
deviation or degree of reproducibility or repeatability of
the analytical method under normal operating conditions.
*e % relative standard deviation (% RSD) of nicotine at
50%, 100%, and 150% accuracy samples was calculated to
determine repeatability. Intermediate precision was per-
formed by doing repeatability test by a different analyst on
a different day.*e % RSD of combined results obtained by
both analysts was calculated to determine intermediate
precision.

2.5.5. Robustness. Robustness of the method performed by
analyzing QC sample at assay level (n � 3) by making minor
changes to the method is as mentioned below:

(i) (±) 10% flow rate adjustment
(ii) (±) 2°C column temperature adjustment
(iii) Change in organic mobile phase ratio to modify

polarity (Table 5).

Robustness was evaluated by calculating % RSD of rep-
licate injections at each modified parameter.

Table 2: HPLC chromatographic conditions of the method.

Chromatographic conditions
Flow rate 0.8mL/min
Wavelength 260 nm

Stationary phase Hypersil Gold Phenyl
(150mm× 4.6mm, 3 µm)

Column oven temperature 25°C
Injection volume 10 µL
Sample cooler temperature 5°C
Run time 12min

Table 3: HPLC gradient program.

Pump program
Time (min) A (%) B (%) C (%) D (%)
0 60 26 14 0
4 60 26 14 0
4.1 0 0 0 100
7 0 0 0 100
7.1 60 26 14 0
12 60 26 14 0

Table 1: HPLC methods published for analysis of nicotine in e-liquids.

Type of detection
platform used

Validation parameters
evaluated

e-Liquids (brand and
number of samples) Reference Comments

HPLC, PDA, C 18
(150× 4.6mm, 5 µm)

LOD, LOQ, linearity,
accuracy, and precision

Smoking everywhere (15),
Njoy (5), and CIXI (10) Trehy et al. [12]

1. Specificity data are not
mentioned

2. Although the method
uses PDA detector, no
information about peak
purity is mentioned
3. Chromatographic
integration in the

chromatograms published
by Trehy et al. is improper,
which raises concerns over
the specificity of the method

HPLC, PDA, C 18
(200× 4.6mm, 5 µm)

LOD, LOQ, linearity,
accuracy, and precision

Refill fluids (75), do it
yourself (1)

Davis et al. And cross-
reference of Trehy et al. For
the HPLC method [11]

UPLC Not applicable e-Liquids (20). Details not
mentioned Etter et al. [17] Method not validated for

analysis of e-liquids

UPLC, PDA and MS,
C 18 Linearity e-Liquids (6). Details not

mentioned

Meruva et al. And cross-
reference of Trehy et al. for
the HPLC method [18]

1. Additional validation
details not provided

2. No data about specificity
of the method for nicotine
in presence of flavoring

chemicals
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2.5.6. LOD and LOQ. Limit of detection (LOD) was cal-
culated based on the standard deviation of the response and
the slope.*e detection limit (DL) is expressed asmentioned
in the following equation:

DL � 3.3
σ
S

 , (2)

where σ � standard deviation of the response and S � slope
of calibration curve. σ was calculated as standard deviation
of analytical background response at the retention time of
nicotine and obtained from three placebo samples.

Limit of quantitation (LOQ) was calculated based on
visual evaluation where minimum known concentration of
nicotine can be analyzed quantitatively with acceptable
accuracy and precision.

3. Results and Discussion

3.1. Method Development and Optimization. Based on
published literature, earlier HPLC analytical methods have
been developed for analysis of nicotine from e-liquids by
reversed phase chromatography using a C18 column
[11, 12, 18]. Some references for LC-MS method also de-
scribe use of a C18 column for separation of nicotine from
other ingredients in e-liquids [13, 14]. *erefore, a C18
column was initially used for nicotine analysis. Mobile phase
A was water with 0.1% TEA, pH adjusted to 7.6± 0.05, and
mobile phase B was acetonitrile with 0.1% TEA in isocratic
ratio of 70 : 30 (% v/v). Various e-liquids were analyzed for
nicotine content. Although nicotine eluted as a single peak in
a chromatogram, spectral scans of the nicotine peak were
found to be impure in many of the e-liquids such as tobacco
and fruit flavors. Several chromatographic runs were per-
formed by varying parameters such as mobile phase com-
position, pH, and organic phase. However, feasibility of C18
column to separate nicotine peak from multiple flavors of
e-liquids was found to be limited in terms of achieving peak
purity for nicotine peak. *erefore, the objective of HPLC
method development and optimization was based on
achieving acceptable peak purity for nicotine from various
e-liquid samples using a robust and flexible method.

Since e-liquids contain a variety of flavoring agents
(>7700) [1] covering a wide range of chemicals such as
unsaturated, aromatic, polycyclic, and so on; phenyl column
chemistry was chosen for separation of these compounds
from nicotine. Varying compositions of mobile phases, pH,
column temperature, and flow rate were carried out using
a phenyl column (250mm× 4.6, 5 µm).

Optimization of the chromatographic parameters was
performed using Hypersil Gold Phenyl (150mm× 4.6mm,
3 µm) to decrease the run time. Since e-liquids are complex
mixtures of compounds, high organic solvent composition
was used for elution of late eluting peaks. *e proposed
method has a run time of 12min with the nicotine retention
time at approximately 5.5min with a postelution wash. Twelve
different flavors of e-liquids from six major categories as
mentioned in Section 2.2 were tested using our proposed
method. Both methanol and acetonitrile (mobile phase B and
mobile phase C) were used to achieve optimum polarity (and
resolution) for separation of flavoring agents from nicotine. In
all the twelve e-liquids, the nicotine peak was found to be pure.

Since flavoring agents are composed of a variety of
chemicals, a fixed composition of mobile phase may not
work for separation of nicotine from all flavoring agents. To
address this hypothesis, we performed a study on the effects
of change in organic phase composition on separation of
flavoring agents from nicotine. Based on observations as
described in Section 3.6, we propose that a variation in the
ratio of mobile phase B (methanol) and C (acetonitrile)
provides a window (±10%) for changing the organic polarity
to achieve optimum resolution between interfering flavoring
agents, if any, and nicotine. *e run time can be extended, if
required, for optimum postelution phase after each run. *e
proposed method has been validated for this flexibility and
robustness as described in Section 3.6.

3.2. Specificity- and Stability-Indicating Study. Specificity in
HPLC analysis is the ability to assess an analyte in the
presence of other components in the sample matrix such as
impurities, degradation product, and excipients. Forced
degradation studies were carried out to test the specificity of
the method for the nicotine peak. Ten e-liquid flavors were
subjected to various stress conditions such as acid and base
hydrolysis, oxidation, and thermal degradation. All samples
were checked for peak purity of nicotine and any degradant
peak of nicotine. Results of the forced degradation study are
as mentioned in Table 6.

Nicotine content from each control sample of each flavor
was found to be within the range of 90–110% of labeled
claim. Samples were subjected to various stress conditions

Table 4: Stressed conditions for e-liquid assay samples, placebos, and blanks.

Sample stress type Time Assay sample (mL) Water (mL) 0.1N·HCl (mL) 1N·NaOH (mL) H2O2 (6%) (mL)
Control N/A 4.5 0.5 0 0 0
Acid hydrolysis 30min 4.5 0 0.5 0 0
Base hydrolysis 30min 4.5 0 0 0.5 0
Oxidation 30min 4.5 0 0 0 0.5
*ermal 2 hrs 4.5 0.5 0 0 0

Table 5: Change in organic mobile phase ratio.

Change parameter % mobile
phase A

% mobile
phase B

% mobile
phase C

Increase in organic
polarity 60 24 16

Decrease in organic
polarity 60 28 12
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and compared against their respective control assays. *e
e-liquid flavors have different compositions; therefore, the
respective % degradation was found to be different.

Acid and base hydrolysis with 0.1N hydrochloric acid
and 1N sodium hydroxide, respectively, for 30min was
found to cause more than 5% degradation in one fruit
flavored and one tobacco flavored e-liquid, respectively. *e
nicotine peak was found to pass the peak purity criteria in all
samples with base to base separation of the nicotine peak.

Oxidation of e-liquid flavors was carried out with 6%
peroxide for 30min. *e percent degradation was found to
be more than 5% in each of sweet, tobacco, menthol, and
fruit flavored e-liquids. In all oxidation degradations, nic-
otine peak was found to pass peak purity criteria with base to
base separation of nicotine peak.

A standard nicotine solution was found to give more
than 5% degradation in all three conditions.

*ermal degradation was carried out at 60°C for 2 hrs.*e
percent assay values obtained for the thermal degradation was
found to be higher than control assays. *ermal degradation
was found to concentrate samples possibly due to evaporation
of solvent. *erefore, thermal degradation was not considered
for specificity.

In conclusion, more than 5% degradation was observed
in each ofmenthol, tobacco, fruit, and sweet flavored e-liquids.
In all the degradation patterns, the nicotine peak was
found to pass peak purity. No nicotine degradant peaks
were observed at specified nicotine absorbance wavelength
(260 nm). ICH and USP guidelines for validation and
stability testing do not specify the limits of degradation in
forced degradation studies. A degradation of 5–20% of
analyte in at least one of the stressed conditions is generally
the accepted range of forced degradation [24, 25]. Based on
the degradation pattern observed, the HPLC method was
found to be specific and stable indicating for nicotine.
Representative chromatograms are shown in Figure 1.

3.3. Linearity and Range. Linearity is a measure of accuracy
over the range of themethod. e-Liquids are available inmarket
with nicotine concentration ranging from 1 to >50mg/mL.

*e proposedmethod is based on “dilute (100-fold) and inject”
sample preparation approach. *erefore, linearity of the
current method was established in the range of 0.4–500 µg/mL
which would cover the wide range of nicotine concentration in
e-liquids available in market. Linearity was measured by
calibration curve of the nicotine standard. *e method was
found to be linear over the specified range with linear equation
Y� 13000 X−266. *e coefficient of variation was found to be
R2�1.000 with Y-intercept less than 3.0% of the peak area of
the assay sample.

3.4. Accuracy. *e accuracy of an analytical method is the
closeness of test results obtained by that method to the
theoretical or labeled value. Accuracy is expressed as percent
recovery of known, added amounts of analyte. *e results of
accuracy parameter of the method are shown in Table 7. *e
% recovery of nicotine at 50%, 100%, and 150% of assay level
was found to be within 98 to 102% with % RSD of triplicate
preparations NMT 2.0.

3.5. Precision. *e precision of an analytical method is the
degree of agreement among individual test results when the
procedure is applied repeatedly to multiple samplings of
a homogenous sample. *e precision of the method is
expressed as repeatability under normal operating conditions.

*e repeatability results were calculated from the ac-
curacy samples as shown in Table 7. *e % RSD of triplicate
preparation at each level was found to be NMT 2.0.

Intermediate precision has been determined by re-
peatability of six preparations of assay samples across dif-
ferent days and different analysts under normal operating
conditions. *e combined % RSD of response of all twelve
preparations was found to be NMT 2.0.

3.6. Robustness. Robustness of the method was evaluated as
mentioned in Section 2.5.5. An assay sample was injected
three times for each parameter of robustness. *e % RSD of
triplicate injections at each parameter was found to be no

Table 6: Results of forced degradation of various e-liquid flavors.

Name of sample Category
Stressed condition

% control assay % acid degradation % base degradation % oxidation degradation
Standard NA NA 7.75 8.29 7.62
QC NA 99.39 ND ND 3.5
e-Liquid flavor P Sweet 95.98 ND ND 12.2
e-Liquid flavor Q Menthol 100.76 1.53 ND 4.14
e-Liquid flavor R Tobacco 103.09 4.69 5.68 7.53
e-Liquid flavor S Menthol 100.14 2.04 3.38 10.28
e-Liquid flavor T Fruit 96.18 1.03 ND 2.06
e-Liquid flavor U Coffee 97.68 ND 1.59 4.33
e-Liquid flavor A Tobacco 96.19 1.94 1.00 4.75
e-Liquid flavor C Vanilla 97.31 1.38 0.69 4.44
e-Liquid flavor E Fruit 98.13 ND 1.44 14.13
e-Liquid flavor G Fruit 96.94 6.38 1.00 2.5
Note. % degradation of ±1% is considered as no degradation (ND).
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Figure 1: (a) Representative chromatogram of e-liquid �avor P, a placebo_control. (b) Representative chromatogram of e-liquid �avor P,
a sample control. (c) Representative chromatogram of e-liquid �avor P, a sample_oxidation (peroxide degradation).
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WTmore than 2.0. Nicotine peak passed the peak purity criteria
in all parameters.

In addition to the robustness evaluations, a separate
study of the effects of change in organic phase composition
on separation of flavoring agents from nicotine was carried
out using two different e-liquid flavors V and W of two
different categories tobacco and sweet, respectively, which
were not tested for specificity study in the validation. *e
current method was found to be able to separate the nicotine
peak from flavoring agents of these two e-liquids, however,
with resolution <USP 1.5. ICH and USP recommendation
for peak resolution is >2.0, and for accurate quantification,
the resolution between peaks should be at least 1.5 [21, 22].
*erefore, to improve peak resolution, same samples were
run using a robustness parameter of change in organic
mobile phase ratio to modify organic polarity. With decrease
in organic polarity, resolution between nicotine and adjacent
peak was significantly improved. *e results are mentioned
in Table 8. Based on these results, it can be concluded that
the proposed method can be optimized considering ro-
bustness parameter of change in organic phase composition
to achieve optimum resolution and peak purity of nicotine
peak in those e-liquid flavors which might show interference
of flavoring agents at nicotine peak. Representative chro-
matograms are shown in Figures 2 and 3.

3.7. Limit of Detection and Limit of Quantification (LOD and
LOQ). Limit of Detection (LOD) was calculated based on the
standard deviation of the response and the slope, as described
in Section 2.5.6. *e detection limit (DL) is expressed as
shown in (2).

Based on the placebo response and linear equation of
calibration curve (Section 3.3), LOD was found to be
0.07 µg/mL of nicotine.

Limit of quantitation (LOQ) was calculated based on
visual evaluation. *e minimum known concentration of
nicotine which can be analyzed quantitatively with ac-
ceptable accuracy and precision using current method was
found to be 0.45 µg/mL of nicotine. *e accuracy and
precision were performed at LOQ level (n � 6). % recovery
was found to be within 90 to 110% and % RSD of all six
preparations was NMT 10.0. Results are mentioned in
Table 9.

3.8. System Suitability. System suitability test was per-
formed by running six injections of standard at assay level.
% RSD of the response of six injections was found to be
NMT1.0. USP limits for theoretical plate count (NLT 2000)
and peak tailing (NMT 2.0) were applied. *e system
suitability test of the current method passed all USP criteria
(Table 10).

4. Conclusion

An alternative standardized HPLC method for analysis of
nicotine in e-liquids has been developed. *e method has
been fully validated as per ICH and USP guidelines. *e
method is found to be specific for nicotine as determined by
peak purity criteria. *emethod has been tested for stability,
accuracy, and precision for quantification of nicotine in
e-liquids. Linearity of the method has been achieved over
a wide range of 0.4 to 500 µg/ml of nicotine concentration.

Table 8: Robustness.

Organic phase composition
Sample Peak area USP resolution Purity angle Purity threshold

% mobile phase B % mobile phase C

26 14

e-Liquid flavor V 1031106 1.46 0.729 1.159
1031686 1.51 0.390 1.106

e-Liquid flavor W 1023000 1.48 0.984 1.138
1021702 1.48 0.915 1.144

28 12

e-Liquid flavor V 1030040 2.31 0.192 1.063
1026349 2.36 0.471 1.104

e-Liquid flavor W 1023658 2.30 0.134 1.093
1027008 2.28 0.295 1.128

Table 7: Accuracy results of the method.

% spiked level of assay sample Replicate % recovery % mean recovery % RSD

50 (40 µg/mL)
1 99.95

99.44 (39.78 µg/mL) 0.772 99.81
3 98.56

100 (80 µg/mL)
1 99.41

100.01 (80.01 µg/mL) 0.952 99.52
3 101.11

150 (120 µg/mL)
1 100.27

100.61 (120.73 µg/mL) 0.392 101.04
3 100.51
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Figure 2: Continued.
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Figure 2: (a) Full scale representative chromatogram of e-liquid �avor V sample_mobile phase composition B : C, 26 :14 v/v. (b) Zoomed
representative chromatogram of e-liquid �avor V sample_mobile phase composition B : C, 26 :14 v/v. (c) Full scale representative
chromatogram of e-liquid �avor V sample_mobile phase composition B : C, 28 :12 v/v. (d) Zoomed representative chromatogram of e-liquid
�avor V sample_mobile phase composition B : C, 28 :12 v/v.
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�us, the method can be used to measure e-liquids with
concentration ranging from 1 to >50mg/mL. Since e-liquids
are available in the market with a variety of �avoring
combinations, a �xed composition of mobile phase may not
work for separation of nicotine from all �avoring agents.
�erefore, we tested the method for robustness parameters
of change in �ow rate, column oven temperature, and or-
ganic phase composition. After achieving the nicotine peak

purity by successfully passing the robustness parameters, we
are concluding that the proposed HPLC method for analysis
of nicotine in e-liquids is �exible with accuracy over a wide
variety of e-liquids in the market.
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Figure 3: (a) Full scale representative chromatograph of e-liquid �avor W sample_mobile phase composition B : C, 26 :14 v/v. (b) Zoomed
representative chromatograph of e-liquid �avor W sample_mobile phase composition B : C, 26 :14 v/v. (c) Full scale representative
chromatograph of e-liquid �avor W sample_mobile phase composition B : C, 28 :12 v/v. (d) Zoomed representative chromatograph of
e-liquid �avor W sample_mobile phase composition B : C, 28 :12 v/v.

Table 9: Accuracy and precision at LOQ level.

% spiked level of assay
sample Replicate %

recovery
% mean
recovery

%
RSD

LOQ

1 90.89

97.08 6.78

2 90.63
3 99.22
4 103.92
5 105.17
6 92.64

Table 10: System suitability test.

Replicate injection Area USP tailing USP plate count
A1 1299677 1.41 8979
A2 1295191 1.40 9211
A3 1297765 1.40 9132
A4 1294551 1.40 9225
A5 1291896 1.40 9194
A6 1289339 1.39 9035
Mean 1294737 1.40 9129
Std. dev. 3768.89 0.01 101.50
%RSD 0.29 0.45 1.11
Note. No adjacent peaks were observed at the retention time of nicotine.
Hence USP resolution criteria is not applicable.
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Abbreviations

NMT: Not more than
NLT: Not less than
ND: Not detected
RSD: Relative standard deviation
LOD: Limit of detection
LOQ: Limit of quantitation.
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Food safety issues closely related to human health have always received widespread attention from the world society. As a basic
food source, wheat is the fundamental support of human survival; therefore, the detection of pesticide residues in wheat is very
necessary. In this work, the ultrasonic-assisted ionic liquid-dispersive liquid-liquid microextraction (DLLME) method was firstly
proposed, and the extraction and analysis of three organophosphorus pesticides were carried out by combining high-performance
liquid chromatography (HPLC). 'e extraction efficiencies of three ionic liquids with bis(trifluoromethylsulfonyl)imide (Tf2N)
anion were compared by extracting organophosphorus in wheat samples. It was found that the use of 1-octyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([OMIM][Tf2N]) had both high enrichment efficiency and appropriate
extraction recovery. Finally, the method was used for the determination of three wheat samples, and the recoveries of them were
74.8–112.5%, 71.8–104.5%, and 83.8–115.5%, respectively.'e results show that the method proposed is simple, fast, and efficient,
which can be applied to the extraction of organic matters in wheat samples.

1. Introduction

Food cultivation is the main part of agricultural production.
In the process of agricultural cultivation, pesticide spraying is
the dominant approach to protect the healthy growth of
plants. Organophosphorus pesticides (OPPs), as an in-
expensive, stable, and efficient pesticide, are usually and
widely used in agricultural production in the world [1]. OPPs
can inhibit the activity of acetylcholinesterase, and acetyl-
choline in body is thereby accumulated, which can have
a serious effect on central nervous system, can cause symp-
toms of poisoning, and can even lead one to death. Because of
their toxicity and abuse, the pollution of water and land by
OPPs has also become a serious environmental problem,
which at all times threatens people’s lives. As the main and
basic food crop for human beings, wheat is the source of daily
food that people often come into contact with. 'e pesticide
residue in wheat must be controlled and monitored.

'erefore, in order to ensure food safety and human health,
the detection of OPPs in wheat is very necessary [2].

In the pesticide residue analysis, the commonly used de-
tection methods are mainly gas chromatography (GC) [3], gas
chromatography-mass spectrometry (GC-MS) [4], high-
performance liquid chromatography (HPLC) [5], and liquid
chromatography tandemmass spectrometry (LC-MS/MS) [6].
Although LC-MS/MS and GC-MS show excellent detection
capability, the high cost still inhibits their widespread use.
Compared to them,HPLCwith its convenience, efficiency, and
durability, is the most extensive means of pesticide detection.

'e traditional methods of extraction of pesticides in
wheat are mainly liquid-phase extraction (LLE) [7], liquid-
phase microextraction (LPME) [8], supercritical fluid ex-
traction (SFE) [9], and so on. In recent years, a rapid, simple,
and convenient dispersive liquid-liquid microextraction
(DLLME) [10] method has been proposed and then is
rapidly applied to various drug extraction studies, especially
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in the field of pesticide extraction. In the process of DLLME,
the extractant, dispersant, and water form a three-phase
system, and the analytes and the extractant are deposited at
the bottom of the centrifuge tube by centrifugation, followed
by quantitative analysis by means of analytical instruments;
the whole process is very simple and efficient, thus, it is
a promising method for trace extraction. In the traditional
DLLME, the commonly used extractants are chlorobenzene
[11], dichloromethane [12], dibromoethane [13], and so on.
'ey are toxic, hazardous, flammable, and environmentally
damaging organic solvents and difficult to reuse [14].'e use
of green, low-toxic, and highly-efficient extractants is an
inevitable trend for DLLME.

As a class of green solvent, ionic liquids (ILs) are gaining
huge attention since their unique properties especially
negligible vapour pressure, wide range of solubility, mis-
cibility, and stability at high temperatures; they are good
replacements for conventional volatile and toxic organic
solvents in chemical processes [15]. One of the advantages
arising from the chemical structures of ILs is that alteration
of the cation or anion can cause changes in properties such
as viscosity, melting point, water miscibility, and density
[14]. Due to the ILs often showing great capability of dis-
solving both organic and nonorganic compounds, it is easy
to separate an IL from the reaction system [16], the appli-
cation of ILs in DLLME is getting a growing interest in drugs
and pesticides extraction in analytical chemistry [17–19].

ILs with 1-alkyl-3-methylimidazolium cation and anions
of bromide (Br−), hexafluorophosphate (PF6−) and bis(tri-
fluoromethylsulfonyl)imide (Tf2N−) are most commonly
used as extraction solvents in many literatures. For example,
1-butyl-3-methylimidazolium hexafluorophosphate ([BMIM]
[PF6]) was used to extract benzodiazepines [20], 1-hexyl-3-
methylimidazolium bis(trifluoromethylsulfonyl)imide ([HMIM]
[Tf2N]) was used to extract bisphenol A [21], 1-hexyl-3-
methylimidazolium hexafluorophosphate ([HMIM][PF6]) was
used to extract hexachlorophene [22], and 1-butyl-3-
methylimidazolium bromide ([BMIM] Br) was the extraction
solvent of brazilin and protosappanin B [23]. 'e ILs showed
good extraction efficiency in their extraction systems.

'ere are two factors influencing the solubility and
miscibility of a given ionic liquid. One is the type of its anion
and the other is the length of the alkyl chain of the cation. As
literature reported [15], increase of the alkyl chain causes
increase of the capacity and hydrophobicity of the ILs, and
the bigger the anion size, the stronger the hydrophobicity.
'e size of Tf2N anion is bigger than PF6− and BF4−, thus, the
Tf2N anion-based ILs exhibit high hydrophobicity and ca-
pacity, which with the same effect will save the use of IL
volume. In addition, the strong delocalization and diffuse
nature of the negative charge in the S–N–S core of [Tf2N]−

leads to a reduction in cation-anion interactions [24]. Due to
these properties, Tf2N anion-based ILs have attracted broad
attention and have been widely applied in chemical pro-
cesses such as recovery of metal [25], organics extraction
[26], and CO2 capture [27], and they are promising ex-
traction agents for pesticides extraction.

Although there are many literatures employing Tf2N
anion-based ILs and DLLME for metal ion extraction [19],

the application of them for OPPs extraction is rare. Fur-
thermore, IL-DLLME for pesticide extraction is often applied
in water or liquid samples. As far as we know, there is no
report about using Tf2N anion-based ILs as extraction solvent
in the DLLME process to extract OPPs from wheat yet.

Understanding of the structure and features of Tf2N-
based ILs is of great interest due to their exclusive physi-
cochemical properties. 'is work compared the OPPs
extraction capacity of ILs with Tf2N anion and three different
cations ([HHIM], [OMIM], and [BeOIM]) in wheat samples
for the first time, and applied the ILs in the DLLME method
followed by HPLC analysis. Different factors influencing the
extraction efficiency including the extractant type and
volume, dispersant type and volume, and temperature were
investigated. 'e proposed method in this work fills the gap
in the extraction method of pesticide residues in wheat
samples by Tf2N-based ILs.

2. Experimental

2.1. Reagents, Standards, and Materials. Organophosphorus
pesticides (OPPs) of fenitrothion, fenthion, and phoxim were
purchased from Beijing Agricultural Environmental Protection
Center, the structure of them are shown in Figure 1. Aceto-
nitrile andmethanol (HPLC grade) were obtained fromTianjin
Siyou Fine Chemicals Co., Ltd. (Tianjin, China).'e 1-octyl-3-
methylimidazole bis(trifluoromethylsulfonyl)imide ([OMIM]
[Tf2N]), 1,3-dihexylimidazole bis(trifluoromethylsulfonyl)im-
ide ([HHIM][Tf2N]), and 1-benzyl-3-octylimidazole bis(tri-
fluoromethylsulfonyl)imide ([BeOIM][Tf2N]) were laboratory
made. Standard solutions with the concentration of 1mg/ml
were prepared by dissolving each OPP standard (0.0100 g) into
10.0mL acetonitrile and stored at 4°C. Wheat samples were
purchased from Henan Agricultural Sciences Institute
(Zhengzhou, Henan).

2.2. Apparatus. HPLC analysis was carried out by the
Shimadzu HPLC system which was equipped with an LC-
10AT pump (Shimadzu, Japan), an SPD-10A UV-VIS de-
tector (Shimadzu, Japan), a Shimadzu VP-ODS column
(150mm× 4.6mm i.d., 5 μm), and a Rheodyne 7725i six-way
valve injector with 20 μL sample loop (Rheodyne, Rohnert
Park, CA, USA). 'e mobile phase was the mixture of
methanol and water (70 : 30, v/v) with the flow rate of
1mL/min. 'e wavelength was set at 254 nm. A JP010/S
ultrasonic cleaner (Shenzhen Jie UNITA Cleaning Equip-
ment Co., Ltd., Shenzhen, China) was used for extracting
OPPs fromwheat sample into the acetonitrile phase. An 80-1
centrifuge (Huafeng Instrument Co. Ltd., Jintan, China) was
used for centrifuging.

2.3. Extraction Procedure

2.3.1. Wheat Sample Extraction (Step 1). Wheat samples
were grinded into fine powder, and 1 g powder was placed in
a 10mL centrifuge tube, then a solution of 5mL methanol
containing 110 μL [OMIM][Tf2N] was added into the cen-
trifuge tube and followed by ultrasonic treatment for 8min.
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2.3.2. DLLME Procedure (Step 2). After centrifugation for
5min, the obtained methanol solution containing OPPs and
ionic liquid was taken out into a centrifuge tube including
5mL distilled water, and a cloudy solution was formed in the
tube. �en, it was centrifuged for 5min. Finally, 5μL of
[OMIM][Tf2N] sedimentary facies formed in the bottomof the
centrifuge tube was injected to the HPLC system for analysis.

2.4. Enrichment Factor and Extraction Recovery.
Enrichment factor (EF) and extraction recovery (ER) were
the two evaluating indicators of this developedmethod.�ey
were calculated by the equation as follows:

EF �
Csed

C0
,

ER �
Csed × Vsed

C0 × Vaq
× 100% � EF ×

Vsed

Vaq
× 100%.

(1)

C0 and Csed express the concentration of the OPPs in the
DLLME procedure and the concentration in sedimentary
facies, respectively. Vaq and Vsed stand for the volume of
aqueous solution and sedimentary facies.

Experimental data were the average of three repetitions
in each case.

3. Results and Discussion

3.1. Method Optimization

3.1.1. Selection of Solvent in Ultrasonic Extraction. �e se-
lection of the solvent in ultrasonic extraction is very im-
portant for the e�cient extraction of the target from the
wheat sample. In fact, the solvent in ultrasonic extraction
plays a dual role in the whole extraction process, and it acts
as an extractant for wheat samples and simultaneously as
a dispersant in the process of DLLME.

�erefore, the solvent in the ultrasonic extraction needs
to satisfy the following conditions:

(1) E�ective extraction for the targets in wheat

(2) Excellent dispersibility for extractants in the process
of DLLME

In order to select the appropriate solvent, methanol,
ethanol, and acetonitrile were investigated experimentally.�e
results are shown in Figure 2. It can be seen from the �gure
that when methanol is used as the solvent, the EFs of the three
OPPs are the highest, and the ER values are slightly lower than
when acetonitrile is used. Although, the ERs of the targets are
the highest when acetonitrile is used as the solvent, the EFs are
the lowest. When using ethanol, both the EFs and ERs are low.
In order to ensure both EFs and ERs are higher, ultimately,
methanol was chosen as the solvent in the ultrasonic extraction
process, which also acts as a dispersant for theDLLMEprocess.

3.1.2. Selection of Methanol Volume. �e choice of methanol
volume in the ultrasonic extraction process requires two
aspects: on one hand, there is a need for su�cient methanol
to facilitate the extraction of the OPPs from the wheat
sample as much as possible; on the other hand, a suitable
volume of methanol is required to better disperse the ionic
liquid in the DLLME to obtain a suitable deposition phase
volume for subsequent injection analysis. �erefore, it is
necessary to examine the volume of methanol.

�e e�ect of extraction on three OPPs was investigated
when the volume of methanol was changed from 0.6 to
1.4mL (containing 22 μL [OMIM][Tf2N]). �e results are
shown in Figure 3.

As can be seen from the �gure, with the increase in
methanol volume, EFs show an increasing trend, on the
contrary, ERs show a downward trend. �is can be explained
by the fact that the increase in the volume ofmethanol is better
to extract the targets from the wheat sample and that increases
the solubility of the extractant (ionic liquid) in the DLLME,
thus, decreases the volume of the deposition phase from 13μL
to 7.5μL, so EFs increase, while ERs become smaller.

Considering the EF and ER values, 1.0mL of methanol
was selected to use.

3.1.3. Selection of Ionic Liquid Species. In this paper, ionic
liquid was employed for the extractant in the DLLME
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Figure 1: Structures of three OPPs. (a) Fenitrothion. (b) Fenthion. (c) Phoxim.
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process. �e choice of ionic liquid type is very important.
Because di�erent ionic liquids have di�erent solubilities and
extraction abilities, the dispersion e�ects in aqueous solution
are di�erent, which can a�ect the volume of sedimentary
facies and �nally a�ect the extraction results.

In order to select the appropriate IL type, the results of
the extraction of three ILs ([OMIM][Tf2N], [HHIM][Tf2N],
and [BeOIM][Tf2N], resp.) with the same anions ([Tf2N−])
were compared using the same volume (22 μL). �e results
are shown in Figure 4. �e �gure shows that using [OMIM]
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Figure 2: E�ects of di�erent reagents on EF (a) and ER (b). Extraction conditions: solvents, methanol, ethanol, and acetonitrile, respectively;
solvent volume, 1mL; extractant, [OMIM][Tf2N]; extractant volume, 22 μL; extraction temperature, room temperature; ultrasonic time,
8min; centrifugal time, 5min.
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Figure 3: E�ect of methanol volume on EFs (a) and ERs (b). Extraction conditions: solvent, methanol; solvent volume, 0.6mL, 0.8mL, 1mL,
1.2mL, and 1.4mL, respectively; extractant, [OMIM][Tf2N]; extractant volume, 22 μL; extraction temperature, room temperature; ul-
trasonic time, 8min; centrifugal time, 5min.
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WT[TF2N] as the extractant has the highest EF and ER values. So
[OMIM][TF2N] was selected as the DLLME extractant.

3.1.4. Selection of [OMIM][TF2N] Volume. In the DLLME
process, the volume of the extractant will a�ect the volume of
the deposited phase and also a�ect the formation of the
dispersant-extractant-water three-phase suspension system,
thereby a�ecting the extraction e�ect. In order to obtain the
optimized amount of IL, the e�ect of [OMIM][Tf2N] volume
from 18–26 μL on the extraction results was investigated
during the DLLME process. It can be seen from Figure 5 that
the EFs of the three OPPs decrease as the volume of [OMIM]
[TF2N] increases while the ERs increase. �is is because
the larger the [OMIM][TF2N] volume was used, the poorer
the dispersion e�ect in the water formed and the larger the
volume of the deposited phase, from 7.16 μL to 15.75 μL, was
obtained, resulting in a decrease in the EFs and an increase in
the ERs. Considering the EFs and ERs, the volume of
[OMIM][TF2N] was chosen to be 22 μL.

3.1.5. Selection of Ultrasonic Time. Ultrasonic time will a�ect
the dissolution of OPPs from wheat samples to methanol
solution, which will a�ect the extraction of DLLME and
ultimately a�ect EFs and ERs of the OPPs. �e e�ects of
ultrasonic extraction time from 2min to 14min on the
extraction e�ciency were investigated. Results are shown in
Figure 6. It can be seen from the �gure, when the time of
ultrasound is set to 8min, both EFs and ERs are high, so
8min was selected as the ultrasonication time.

3.1.6. Selection of Temperature in DLLME. �e temperature
of DLLMEmay a�ect the mass transfer e�ciency of OPPs in
wheat, thus a�ecting the extraction results. �erefore, it is

necessary to examine the e�ect of temperature on the ex-
traction e�ciency of the targets.�e e�ect of temperature on
the extraction e�ciency was investigated by changing the
temperature of the aqueous solution (10°C–50°C). �e re-
sults are shown in Figure 7. �e �gure indicates that when
the temperature of the aqueous solution is 20°C, the EFs and
ERs of the OPPs are higher; when the temperature is 50°C,
the solubility of [OMIM][TF2N] increased and the volume
of sedimentary facies decreased slightly from 10.5 μL to
9.75 μL, which reduced ERs slightly. Because the DLLME
process is very short, extraction can be done in an instant,
the overall e�ect of aqueous solution temperature is not
signi�cant for simple experimental operation, and DLLME
was carried out at room temperature.

3.1.7. Selection of Centrifugal Time. In the process of
DLLME, in order to separate the ionic liquid-phase from the
aqueous phase, it is necessary to separate the extractant-
dispersant-water three-phase system. �e length of the
centrifugal time will a�ect the volume of the deposited
phase, resulting in changes in EFs and ERs. In this work,
consistent with literature [28], 5min is selected for centri-
fugation because 5min of centrifugation is enough to ensure
the deposition of [OMIM][Tf2N] ionic liquid owing to its
high hydrophobicity.

3.2. Evaluation of Method Performance. In order to evaluate
the proposed method for extracting three OPPs from the
wheat sample, parameters including linearity, repeatability,
and limits of detection were obtained and investigated
through a series of experiments under the optimized con-
ditions. Table 1 shows the results. Under optimized con-
ditions, the EFs range from 203.8 to 332.4. �e method has
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Figure 4: E�ects of IL species on EF (a) and ER (b). Extraction conditions: solvent, methanol; solvent volume, 1mL; extractant, [OMIM]
[Tf2N], [HHIM][Tf2N], and [BeOIM][Tf2N], respectively; extractant volume, 22 μL; extraction temperature, room temperature; ultrasonic
time, 8min; centrifugal time, 5min.
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a good linear relationship between 0.1 and 100.0 μg/g, and
the range of correlation coe�cient (r2) is 0.9973–0.9998.�e
relative standard deviations (RSDs) were between 0.6% and
6.3% (n � 5). �e limits of detection (LODs), based on

a signal-to-noise ratio (S/N) of 3, were 0.1 μg/kg for all
analytes. �e results show that this method has high sen-
sitivity, good reproducibility, and wide linear range when
used in wheat samples determination.
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Figure 6: E�ects of ultrasonic time on EFs (a) and ERs (b). Extraction conditions: solvent, methanol; solvent volume, 1mL; extractant,
[OMIM][Tf2N]; extractant volume, 22 μL; extraction temperature, room temperature; ultrasonic time, 2min, 5min, 8min, 11min, and
14min, respectively; centrifugal time, 5min.
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Figure 5: E�ects of [OMIM][TF2N] volume on EFs (a) and ERs (b). Extraction conditions: solvent, methanol; solvent volume, 1mL;
extractant, [OMIM][Tf2N]; extractant volume, 18 μL, 20 μL, 22 μL, 24 μL, and 26 μL, respectively; extraction temperature, room tem-
perature; ultrasonic time, 8min; centrifugal time, 5min.
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3.3. Analysis of Real Samples. �emethod was applied to the
wheat samples in three di�erent years. �e recoveries of the
methods were determined by adding 3 di�erent concen-
trations of OPPs (1, 5, and 50 μg/g). �e results are shown in
Table 2. �e experimental results show that the recoveries of
the three wheat species are between 74.8 and 112.5%, 71.8
and 104.5%, and 83.8 and 115.5%, respectively, which in-
dicates that this method can be used accurately and reliably
for the extraction and determination of the actual wheat

samples. �e chromatograms of the wheat samples adding
5 μg/g of three OPPs before and after extractions are shown
in Figure 8. After extracting wheat with methanol, and
directly injecting the methanol, the analytes cannot be de-
tected, while after the [OMIM][Tf2N]-DLLME process,
OPPs can be e�ectively detected.

3.4. Comparison with Other Analytical Methods. To char-
acterize the extraction performance of the proposed method
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Figure 7: E�ect of aqueous solution temperature on EFs (a) and ERs (b). Extraction conditions: solvent, methanol; solvent volume, 1mL;
extractant, [OMIM][Tf2N]; extractant volume, 22 μL; extraction temperature, 10°C, 20°C, 30°C, 40°C, and 50°C, respectively; ultrasonic time,
2min, 5min, 8min, 11min, and 14min, respectively; centrifugal time, 5min.

Table 1: Evaluation of method performance.

Compounds Linearity range (μg/g)
1 μg/g spiked 5 μg/g spiked 50 μg/g spiked

LOD (μg/kg)
EF RSD (%) (n � 5) EF RSD (%) (n � 5) EF RSD (%) (n � 5)

Fenitrothion 0.01–100 332.4 1.8 250.4 2.5 203.8 4.6 0.1
Fenthion 0.01–100 251.4 3.8 297.8 5.5 214.3 6.3 0.1
Phoxim 0.01–100 328.4 3.4 265.0 5.9 264.0 0.6 0.1

Table 2: Analysis of wheat samples in three di�erent years.

Compounds Spike level (μg/g)
Wheat in 2002 Wheat in 2006 Wheat in 2010

RR (%) RSD (%) (n � 3) RR (%) RSD (%) (n � 3) RR (%) RSD (%) (n � 3)

Fenitrothion
1 94.6 4.8 106.8 0.8 99.5 4.2
5 106.9 3.4 112.5 3.4 100.0 3.7
50 74.8 1.5 72.9 0.7 83.3 2.8

Fenthion
1 71.8 1.1 90.2 4.2 98.3 3.4
5 76.9 3.7 74.7 1.8 104.5 3.1
50 82.7 4.2 74.9 2.8 87.5 3.0

Phoxim
1 115.5 2.3 106.7 3.9 106.9 1.0
5 83.8 3.2 101.6 5.2 102.3 0.8
50 108.3 1.8 85.4 3.4 84.1 3.5
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in this work, a comparison of the [OMIM][Tf2N] IL-DLLME
with other methods is summarized in Table 3. From it, we
can see that the advantages of the present method can be
described as follows: (i) the amount of the IL used is the least;
(ii) the operation time is shorter than most methods; and
(iii) the matrix is wheat, and the method shows good linear
range and RSD. �e results indicate that this method is
simple, time-saving, and with satisfactory extraction e�ect
for wheat samples.

4. Conclusions

�is work �rstly proposed a method that used Tf2N anion-
based ionic liquids (ILs) and dispersive liquid-liquid mir-
coextraction (DLLME) for extracting OPPs in wheat samples
by ultrasonic-assisted and combined with HPLC analysis. By
investigating the in§uencing factors in the extraction pro-
cess, the optimum conditions were determined. [OMIM]
[Tf2N] ionic liquid exhibited best extraction performance for
OPPs among three Tf2N-based ILs in the extraction system
due to its unique properties. Compared with other methods,
the results of this method show that it is a time-saving,
simple but e�cient method with high sensitivity and re-
liability. Furthermore, it has good recoveries, wider LRs, and
lower LODs, and RSDs indicate that the method is

satisfactory for OPPs extraction by using Tf2N-based IL as an
extractant in wheat samples. It is a promising method to be
used for the trace determination of various organic com-
pounds in complex matrices in the future.
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“Application of the ionic liquid tributylmethylammonium bis
(trifluoromethylsulfonyl)imide as solvent for the extraction of
benzene from octane and decane at T � 298.15 k and at-
mospheric pressure,” Fluid Phase Equilibria, vol. 417,
pp. 137–143, 2016.

103Detection of Organophosphorus Pesticides in Wheat by Ionic Liquid-Based Dispersive Liquid-Liquid...

__________________________ WORLD TECHNOLOGIES __________________________



WT

[27] A. Tagiuri, K. Z. Sumon, and A. Henni, “Solubility of carbon
dioxide in three [Tf2N] ionic liquids,” Fluid Phase Equilibria,
vol. 380, pp. 39–47, 2014.

[28] L. Zhang, F. Chen, S. Liu et al., “Ionic liquid-based vortex-
assisted dispersive liquid-liquid microextraction of organo-
phosphorus pesticides in apple and pear,” Journal of Separation
Science, vol. 35, no. 18, pp. 2514–2519, 2012.

[29] Y. Zhang, R. Wang, P. Su, and Y. Yang, “Ionic liquid-based
solvent bar microextraction for determination of organo-
phosphorus pesticides in water samples,” Analytical Methods,
vol. 5, no. 19, p. 5074, 2013.

[30] Q. Zhou, H. Bai, G. Xie, and J. Xiao, “Trace determination of
organophosphorus pesticides in environmental samples by
temperature-controlled ionic liquid dispersive liquid-phase
microextraction,” Journal of Chromatography A, vol. 1188,
no. 2, pp. 148–153, 2008.

104 Modern Chromatography

__________________________ WORLD TECHNOLOGIES __________________________



WT
Method for Analyzing the Molecular and Carbon
Isotope Composition of Volatile Hydrocarbons
(C1–C9) in Natural Gas

Chunhui Cao , Zhongping Li, Liwu Li, and Li Du

Key Laboratory of Petroleum Resources, Gansu Province/Key Laboratory of Petroleum Resources Research,
Institute of Geology and Geophysics, Chinese Academy of Sciences, Lanzhou 730000, China

Correspondence should be addressed to Chunhui Cao; caochunhui@lzb.ac.cn

Academic Editor: Guido Crisponi

Solid-phase microextraction (SPME) coupled with gas chromatography-isotope ratio mass spectrometry (GC-IRMS) has already
been applied to collect and identify volatile light hydrocarbons in oil and source rocks. However, this technology has not yet been
used to analyze volatile light hydrocarbons in dry gas (natural gas with C1/C2+ > 95%). In this study, we developed a method to
measure the molecular and carbon isotope composition of natural gas using divinylbenzene/carboxen/polydimethylsiloxane
(DVB/CAR/PDMS) fiber. &is fiber proved to be suitable for extracting C1–C9 hydrocarbons from natural gas without inducing
carbon isotopic fractionation. Notably, the extraction coefficients of the analytes were not the same but rather increased with the
increasing carbon number of the hydrocarbons. Nevertheless, we successfully identified 24 hydrocarbons from the in-lab standard
natural gas, while also obtaining the carbon isotope composition of C1 to C9 hydrocarbons with satisfying repeatability. &e
relative standard deviation (RSD) of the molecular composition data was in the range of 0.06–0.74%, with the RSDs of the carbon
isotope composition data not exceeding 1‰. Finally, seven natural gas samples, collected from different sedimentary basins, were
successfully analyzed and the stable carbon isotope compositions of C1–C9 hydrocarbons present in these were determined
through this method. Overall, the new approach provides a simple but useful technique to obtain more geochemical information
about the source and evolution of natural gas.

1. Introduction

Volatile light hydrocarbons (C1–C9) are important com-
ponents of crude oil because they possess a large scope of
geochemical information that is of great significance to oil
and natural gas exploration. Furthermore, these components
can be applied to classify source rocks and oil types [1, 2],
identify source rock evolution [3–6], study oil-oil or oil-
source correlations [1, 7–11], and estimate the thermal
maturity of source rocks and crude oil [12–14]. However,
restrained by analytical methods, previous studies focused
on the measurement of light hydrocarbons only in source
rocks and crude oil while not being able to acquire their
carbon isotope compositions. Natural gas (particularly dry
gas, e.g., shale gas), as opposed to petroleum and source
rocks, mainly contains methane and ethane and has ex-
tremely low content of C4+ hydrocarbons. Nevertheless,
despite the scarcity, volatile light hydrocarbons (C4+) in

natural gas (derived from oil and/or source rocks) and their
carbon isotope compositions carry abundant and significant
geochemical information. Employing this information as-
sists in the determination of the maturity of natural gas,
recognition of gas accumulation suffering from washing
or biodegradation, tracing the source of natural gas, and
classification of the origin types of natural gas [14–19].
Because natural gas is generated from the oil and/or source
rocks, its molecular and carbon isotope composition retains
the information about the oil and source rocks [20, 21].
Considering that natural gas, oil, and source rocks contain
light hydrocarbons (C1–C9), we expect that, instead of using
an indirect deduction via the molecular and isotope frac-
tionation theory [22–24], a direct study of these components
would allow the detection of the correlation between gas, oil,
and source rocks [15]. However, implementing this new
method to measure the molecular and carbon isotope
compositions of light hydrocarbons in natural gas is difficult,
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due to the limit of detection (LOD) values of analytical
instruments.

Solid-phase microextraction (SPME) is an innovative,
solvent-free sample preparation approach that is fast, eco-
nomical, and versatile and requires only a small amount of
sample. A general SPME device (Figure 1) resembles a
modified syringe, consisting of an SPME holder and SPME
head with a built-in fiber inside a needle [25]. &e SPME
holder, which consists of a plunger, stainless steel barrel, and
adjustable depth gauge, is usually designed to be used with
reusable and replaceable fiber assemblies [26]. &e SPME
head includes a spring, sealing septum, and piercing needle.
&e fiber inside the needle is coated with a special polymeric
stationary phase, which could concentrate the organic
analytes from the sample matrix [26]. Notably, this device
has been widely applied in sample pretreatment technology
[27], as well as to analyze the hydrogen isotope composition
of light hydrocarbons in natural gas [28] and crude oil [29].

In this study, we successfully applied SPME technology
to enriched light hydrocarbons (C1–C9) in natural gas. In
addition, we combined SPME with a gas chromatography
(GC) or gas chromatography-isotope ratio mass spec-
trometry (GC-IRMS) system in an effort to measure the
molecular and carbon isotope compositions of a series of
light hydrocarbons (C1–C9) in natural gas. Considering that
thermogenic natural gas is derived from the cracking process
of organic materials (e.g., source rocks and kerogen), the
geochemical data of light hydrocarbons in natural gas could
definitely provide clues on their source and evolution, which
would, in turn, be very relevant to the research of oil/natural
gas geochemical scientists.

2. Experimental

2.1. Materials. For this study, we selected a type of fiber
coating with divinylbenzene/carboxen/polydimethylsiloxane
(DVB/CAR/PDMS) to enrich the light hydrocarbons in
natural gas. An in-lab standard natural gas was employed to
test the characteristics of this fiber, and the enrichment
conditions were optimized. &e in-lab standard natural gas
was collected fromOrdos Basin, China, but it is not a standard
for other laboratories.We analyzed its molecular composition
and compared the result with that of three other laboratories
to confirm that it mainly contains 24 types of hydrocarbons:
methane, ethane, propane, isobutane, n-butane, neopentane,
isopentane, n-pentane, methyl cyclopentane, cyclohexane, 2-
methylpentane, 3-methylpentane, n-hexane, 2,2/3,3-dimethyl
pentane, methyl cyclohexane, 2/3-methyl hexane, 2,3-di-
methyl pentane, n-heptane, benzene, n-octane, methyl ben-
zene, n-nonane, ethyl benzene, p-xylene, and o-xylene. Several
separate parallel samples were prepared from the in-lab
standard natural gas for the experimental condition opti-
mization. Each sample was collected in a fixed-volume
(600mL) glass bottle that was subsequently sealed with a
rubber stopper.

2.2. Conditions for the Analysis Instruments. &e molecular
composition of the gas samples was determined using a gas

chromatograph (6890A, Agilent Technologies, USA)
equipped with a flame ionization detector. &e individual
hydrocarbon gas components (C1–C9) were separated using
an AT-Al2O3 capillary column (50m × 0.53mm × 20 μm,
Agilent Technologies, USA). &e GC oven temperature was
adjusted according to the following procedure: 35°C for
3min, increased to 100°C at a rate of 7°C/min, kept at that
temperature for 5min, 7°C/min ramped to 160°C, kept at
that temperature for 10min, increased to 200°C at a rate of
15°C/min, maintained at that temperature for 30min, 25°C/
min ramped to 220°C, maintained at that temperature for
85min. &e GC injection port temperature was set to 350°C,
and the split ratio was 1 :1. &e carrier gas (He) was in a
constant-flow mode, with a flow velocity of 2mL/min.

&e stable carbon isotope ratios were measured on a gas
chromatography-isotope ratio mass spectrometry system
(GC-IRMS, isotope ratio mass spectrometer interfaced with
an Agilent 6890A gas chromatograph). &e individual hy-
drocarbon gas components (C1–C9) were separated on a
6890A gas chromatograph using the instrumental condi-
tions mentioned above. &en, the separated compounds
were injected into a combustion furnace for oxidizing at
950°C. &e produced H2O was removed using a water trap,
and CO2 was injected into the Delta plus XP mass spec-
trometer (&ermo-Fisher, Bremen, Germany) for isotopic
analysis. An electron impact (EI) ion source was used for the
mass spectrometer, with a filament emission current of
1.3mA and electron energy of 100 eV. CO2 (purity ≥99.99%)
with a carbon isotopic value of δ13CCO2 � −20.9‰ (±0.5‰)
was used as a reference gas. &e analytical error in the δ13C
values was <0.4‰ (n � 6) for standard natural gas.&e stable
carbon isotopic values were reported as δ-notation in per mil
(‰) relative to the Vienna Pee Dee Belemnite (VPDB)
standard with a measurement precision for δ13C of ±0.5‰.

2.3. SPME Fiber Selection. &e SPME fiber is coated with
relatively thin films of several polymeric stationary phases,
which are conventionally used as coating materials in
chromatography. &is film acts like a sponge, concentrating
the organic analytes from the sample matrix [26]. &e
coating on the fiber can consist of a variety of materials,
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Plunger

Barrel
Plunger retaining screw
Z-slot
Hub-viewing window

Adjustable needle
guide/depth gauge

SPME head

SPME holder SPME head

Fiber attachment tubing

Tensioning spring

Coated fused silica fiber
Septum-
piercing
needle

Figure 1: Schematic diagram of the SPME holder and fiber
(Supelco Data Sheet No. T713019A, 1998).
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including carbowax template resin, polydimethylsiloxane,
polydimethylsiloxane divinylbenzene, polyacrylate, car-
boxen polydimethylsiloxane, and carbowax divinylbenzene
[30, 31]. &e carboxen/polydimethylsiloxane (CAR/PDMS)
fiber was first used in 2014 to measure the carbon isotope
composition of volatile light hydrocarbons in natural gas by
combining SPME and GC-IRMS [32]. &is research work
opened the way to a new application of SPME technology
into the natural gas study area. Recently, a type of SPME fiber
coating, i.e., divinylbenzene/carboxen/polydimethylsiloxane
(DVB/CAR/PDMS), which can be used to extract C3–C20
volatiles, was found suitable for enriching trace light hy-
drocarbons in natural gas samples [28, 29]. It has already been
applied to the analysis of the hydrogen isotopic composition
(δ13D) of volatile light hydrocarbons in natural gas [28] and
crude oil [29]. In this study, DVB/CAR/PDMS fiber was
employed to extract trace light hydrocarbon compounds in
natural gas samples and analyze their molecular and carbon
isotope compositions (δ13C).

2.4. Procedures for the Extraction of Trace Hydrocarbons.
When extracting light hydrocarbons, the septum-piercing
needle of the SPME device (Figures 1 and 2) was directly
inserted into the glass bottle (600ml) containing the sample
through the rubber stopper.&en, the plunger was pushed to
make the coated fiber stretch out of the needle, and the fiber
was immersed directly into the natural gas sample to expose
the coating to the hydrocarbons to be sampled (Figure 2).
&is would initiate the absorption of the analyte molecules
onto the coating. &e transport of analytes from the matrix
into the coating begins as soon as the coated fiber has been
placed in contact with the sample. After trace hydrocarbons
are trapped onto the coating by an equilibrium mechanism,
the fiber was retracted into the needle and taken out of the
bottle [33]. &en, the fiber can be inserted into the injection
port of a GC (or GC-IRMS) (Figure 2) and quickly desorbed
by the heat of the port, resulting in a rapid transfer of all
absorbed components into GC (or GC-IRMS) for molecular
composition (or isotope composition) analysis.

&e extraction time was found to be a critical parameter
in the SPME sampling process. &e parallel samples of the
in-lab standard natural gas were extracted the light hy-
drocarbons by SPME while applying different extraction
times (2, 5, 10, 30, 60, and 120min). First, DVB/CAR/PDMS
fiber was applicated to extract trace light hydrocarbon
compounds in one of the in-lab standard natural gas samples
at room temperature for 2min. After finishing trace hy-
drocarbons extraction by using the SPME device, we have
acquired the C1-C9 hydrocarbons on the DVB/CAR/PDMS
fiber. In order to desorb the analytes that were extracted on
the fiber and analyze their molecular composition with GC,
we should take the SPME device out of the sample bottle and
introduce it into the GC injector port where the adsorbed
analytes are thermally desorbed at 280°C (most commonly
used temperature in GC analysis [34]) and consequently be
routed into the GC column for composition analysis [33].
And then, the other five in-lab standard natural gas samples
were analyzed using the same procedures, but the extraction

time was selected as 5, 10, 30, 60, and 120min, respectively.
As a result, we found that the DVB/CAR/PDMS fiber had an
unstable adsorption of hydrocarbons in the first 10min
(Figure 3).&e extracted amount of trace hydrocarbons onto
the fiber reached a peak value at 2min, after which it de-
creased. Between 10 and 30min, the extracted amount
rapidly increased from 144.21 to 181.39 × 105mV, re-
spectively. After 30min, the content of extracted analytes did
not change much (Figure 3). &erefore, we select to extract
the light hydrocarbons at room temperature for 30min.

2.5.DesorptionTemperature. &e injection port temperature
of GC was found to be a key parameter as it affected the
volume of each analyte entering the instruments used for
molecular or carbon isotope composition analyses. Different
temperatures (150, 200, 250, 300, 350, 400, 450, and 500°C)
were selected for the injection port of the GC in order to find
the optimal desorption conditions. Eight in-lab standard
natural gas samples contained in glass bottles were prepared
for the optimal temperature condition test. One of the eight
in-lab standard natural gas samples was adsorbed by DVB/
CAR/PDMS fiber, thermally desorbed in the injector port of
GC at 150°C, and then introduced into the GC column by the
carrier gas for molecular composition analysis, respectively.
And then, the other seven in-lab standard natural gas
samples were analyzed using the same procedures, but the
injection port temperature was selected 200, 250, 300, 350,
400, 450, and 500°C, respectively. Notably, most of the
compounds displayed a degassing peak at 300 and 350°C
(Figure 4). &e desorption ratio at 350°C (defined as
desorption amount before 400°C/desorption amount at each temperature)
of all hydrocarbons exceeded 60%, except for n-hexane,
which exhibited a ratio of 42.47%. In addition, the amount of
each analyte desorbed at 350°C was enough for molecular
and carbon isotope composition analyses to be performed.
&us, in order to desorb as much amount of each analyte as
possible and ensure that the DVB/CAR/PDMS fiber does not
age quickly, 350°C was chosen as the most suitable de-
sorption temperature.

2.6. Extraction Performance. By combining SPME and GC,
we analyzed the molecular composition of the in-lab stan-
dard natural gas using the experimental conditions and
operation procedures discussed above. &e obtained results
were then compared with the ones from the sample without
extraction by SPME. Figure 5(a) shows the chromatogram of
the origin in-lab standard natural gas analyzed by GC, while
Figure 5(b) displays the chromatogram after the sample was
extracted by SPME with the DVB/CAR/PDMS fiber. As can
be seen from Figure 5, only C1–C5 compounds were detected
in the natural gas sample without the SPME extraction,
whereas, after the extraction by SPME, 24 types of hydro-
carbon compounds (C1–C9) were enriched and measured.
&e standard deviation (SD) of all compounds, except
methylbenzene (0.66%), did not exceed 0.5%. According to
the standard spectrum diagram (at the same experimental
conditions) obtained with the AT-Al2O3 capillary column,
24 types of hydrocarbon compounds were identified
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(Figure 5(b)). After comparing Figures 5(a) and 5(b), we
found that the concentrations of methane, ethane, and
propane markedly decreased after the extraction, while those
of n-butane, n-pentane, and C6+ compounds increased dra-
matically. &ese results imply that the DVB/CAR/PDMS
fiber exhibited various adsorption abilities on the different
hydrocarbon compounds, thus being suitable for extracting

C4+ hydrocarbons, which are trace compounds in natural
gas [15].

Although the DVB/CAR/PDMS fiber has a diverse ad-
sorption ability for different compounds, it has a particularly
strong extraction ability for C5–C9 compounds, especially on
n-alkanes (Figures 5 and 6). As can be seen from the ana-
lytical results, the concentration of n-hexane, n-heptane,

Headspace microextraction Sample desorption

Carrier gas
(He)

Figure 2: Extraction and desorption processes using the SPME fiber.&e dashed red arrows represent the movement of the hydrocarbons in
sample, while solid green arrows represent the direction of the carrier gas.
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n-octane, and n-nonane increased dramatically. &e con-
centrations of CH4, C2H6, C3H8, and n-C4H10 in the
extracted analytes were lower than those in the original
natural gas sample, while the concentration of C5+ in natural
gas was enriched after the extraction with DVB/CAR/PDMS
fiber, to reach the LOD of analytical instruments. Reportedly
[15], the concentration of C1-C3 is higher in natural gas,
while that of C5+ is usually quite low. Considering that the
concentration of C1-C3 in the extracted analytes was much
lower than that of the natural gas sample and the

concentration of C5+ is raised apparently, we concluded that
the fiber had a balancing effect on the hydrocarbons in
natural gas. &erefore, the fiber coated with DVB/CAR/
PDMS could efficiently overcome the challenge of mea-
suring trace C5+ compounds in natural gas.

2.7. Extraction Coefficient (f ). &e extraction coefficient,
which is defined as the ratio of each component’s rela-
tive concentration (vol/%) before and after extraction,
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Figure 5: Chromatograms of the light hydrocarbons present in the (a) in-lab standard natural gas and (b) analytes extracted using SPME. 1,
Methane; 2, ethane; 3, propane; 4, isobutane; 5, n-butane; 6, neopentane; 7, isopentane; 8, n-pentane; 9, methyl cyclopentane; 10, cy-
clohexane; 11, 2-methylpentane; 12, 3-methylpentane; 13, n-hexane; 14, 2,2/3,3-dimethyl pentane; 15, methyl cyclohexane; 16, 2/3-
methylhexane +2,3-dimethyl pentane; 17, n-heptane; 18, benzene; 19, n-octane; 20, methylbenzene; 21, n-nonane; 22, ethylbenzene; 23,
p-xylene; 24, o-xylene.
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WTrespectively, can be used to describe the fiber’s enrichment
ability for each hydrocarbon. We used the in-lab standard
natural gas as a sample to test the enrichment ability of the
DVB/CAR/PDMS fiber. &e relative concentration of
extracted analytes (“Adsorption components” in Figure 6)
was measured by SPME+GC, and the relative concentration
of original analytes (“Original components” in Figure 6) was
analyzed by standard GC techniques. &e extraction co-
efficient (f) of each analyte can be described using the
following equation:

fx �
Cx(after)

Cx(before)
, (1)

where fx is the extraction coefficient of component x, and
Cx(before) and Cx(after) are the relative concentrations of
component x before and after, respectively, extraction by
DVB/CAR/PDMS fiber. As can be seen from Figure 6, the
extraction coefficient increased significantly as the carbon
number of the analytes became larger. &e extraction co-
efficients of C1–C4 hydrocarbons were less than 1, which
implies that the fiber (coating with DVB/CAR/PDMS) could
not enrich these hydrocarbons. In particular, the original
concentration of CH4 in the in-lab standard natural gas was
about 50%. After the extraction, its concentration in the
analytes absorbed on the fiber dropped to around 0.3%,
thereby affording a CH4 extraction coefficient of about 0.006.
Nevertheless, the extracted contents of C1–C4 hydrocarbons
by the fiber were enough for these compounds to be detected

and for the carbon isotope composition analysis to be
successful. Furthermore, after the extraction, the relative
concentration (%) of C5+ hydrocarbons (trace amount
components in the in-lab standard natural gas sample)
increased significantly, with their extraction coefficients
ranging from 10 to 2000 (Figure 6). &us, after the ex-
traction, almost every hydrocarbon reached a concentration
between 1% and 10%, which indicated that the fiber (coated
with DVB/CAR/PDMS) can balance the content of C1–C9
hydrocarbons in natural gas. Although this characteristic of
the DVB/CAR/PDMS fiber allowed the detection of trace
components in natural gas, it also caused difficulties in the
calculation of the real content of each analyte. In this respect,
more tests are needed to develop a mathematical model for
the calculation of the real content of trace hydrocarbons in
natural gas, especially C6–C8 components, which are useful
for gas source studies. Nevertheless, the content balance
effect makes it easier to simultaneously measure the carbon
isotope compositions of C1–C9 hydrocarbons in natural gas.

3. Application of Carbon Isotopic Analysis

3.1. Stability of Carbon Isotopic Analysis. GC-IRMS paired
with SPME was used to analyze the carbon isotope com-
position of light hydrocarbons in natural gas. Since the
analytes underwent physical adsorption and desorption
processes before the carbon isotope analysis, several ex-
periments had to be conducted to detect whether carbon
isotopic fractionation has occurred during the SPME ex-
traction processes. In this respect, Li et al. [29] have found
that the extraction time, extraction temperature, and de-
sorption temperature have no significant effect on δ13D
when using the DVB/CAR/PDMS fiber to analyze hydro-
carbons in oil. &erefore, in this work, we selected the
following extraction conditions: room temperature for
30min and desorption at 350°C. In contrast, different de-
sorption durations were selected (1, 2, 5, 10, 30, 60, and
120min) to detect the effect of the desorption time on δ13C
of each analyte in the in-lab standard natural gas sample.
First, one of the in-lab standard natural gas samples (col-
lected in the glass bottle, Section 2.1) was extracted by SPME
device using the procedures illustrated in Section 2.4. &en,
the SPME needle was introduced into the GC-IRMS injector
port where the adsorbed analytes are thermally desorbed for
1min and routed into the GC column for composition
separating. Eventually, individual hydrocarbon gas com-
ponents (C1–C9) were oxidized into CO2 and H2O, and the
CO2 was let into IRMS for carbon isotope composition
analysis. &en, the other six in-lab standard natural gas
samples were analyzed using the same procedures, but the
duration of desorption was selected 2, 5, 10, 30, 60, and
120min, respectively. &e variation range of the obtained
carbon isotopic values of the analytes in the in-lab standard
natural gas samples did not exceed 1‰, with a standard
deviation not exceeding 0.7‰. As can be seen from Figure 7,
the carbon isotope data obtained for each analyte desorbed
in different durations overlapped almost perfectly, thus
indicating that the desorption time would not cause an
apparent isotope fractionation.

10000

1000

100

10

1

0.1

0.01

1E – 3

1E – 4

C
on

ce
nt

ra
tio

n 
(‰

)

2 4 6 8 10 12 14 16 18 20
Carbon number of hydrocarbons

Adsorption components
Original components
Extraction coefficient

Figure 6: Comparison of the content of each analyte before and
after the adsorption by SPME. 1, Methane; 2, ethane; 3, propane; 4,
isobutane; 5, n-butane; 6, isopentane; 7, n-pentane; 8, methyl
cyclopentane; 9, cyclohexane; 10, 2-methylpentane; 11, 3-meth-
ylpentane; 12, n-hexane; 13, methyl cyclohexane; 14, 2/3-methyl-
hexane; 15, n-heptane; 16, benzene; 17, n-octane; 18,
methylbenzene; 19, n-nonane; 20, p-xylene. Adsorption compo-
nents: the relative concentration of extracted analytes. Original
components: the relative concentration of original analytes. Ex-
traction coefficient: the ratio of each component’s relative con-
centration (vol/%) before and after the extraction.
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3.2. Geological Sample Analysis. Seven natural gas samples
collected from different sedimentary basins (Tarim Basin,
Qaidam Basin, Songliao Basin, Huanghua Depression, Tuha
Basin, and Bohai Bay Basin) were analyzed using the
abovementioned method in an effort to detect the stable
carbon isotope compositions of hydrocarbons (C1–C9)
contained therein.&e carbon isotope distribution pattern of
n-alkanes, branched alkanes, and cycloalkanes is shown in

Figure 8. More specifically, Figure 8(a) shows the carbon
isotope distribution pattern of n-alkanes and benzene, while
Figure 8(b) displays the patterns for branched alkanes and
cycloalkanes. &e natural gas form Xushen-1 in Songliao
Basin exhibited a heavier δ13C1 value (−29.40‰) than other
natural gases and was characterized by a reversed carbon
isotopic distribution pattern (δ13C1 > δ13C2 > δ13C3 > δ13nC4
> δ13nC5), which suggested that it is an abiogenic gas [35].
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Figure 8: Carbon isotope composition of hydrocarbons in natural gas. (a) 1, Methane; 2, ethane; 3, propane; 4, n-butane; 5, n-pentane; 6,
n-hexane; 7, n-heptane; 8, n-octane; 9, n-nonane; 10, benzene. (b) 1, Isobutane; 2, neopentane; 3, isopentane; 4, methyl cyclopentane; 5,
cyclohexane; 6, 2-methylpentane; 7, 3-methylpentane; 8, 2,2/3,3-dimethyl pentane; 9, methyl cyclohexane; 10, 2/3-methylhexane
+2,3-dimethyl pentane; 11, methylbenzene; 12, ethylbenzene; 13, p-xylene; 14, o-xylene.
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&e other natural gases (δ13C1 ranging from –50‰ to
–37‰) were recognized as thermal genetic gases or
mixtures of thermal genetic gases and abiogenic gas and/or
secondary cracking gas.

&e thermal genetic methane (δ13C1 � –45.78‰) in the
natural gas from Kazakhstan and the partially reversal
carbon isotopic distribution pattern (δ13C1 < δ13C2 > δ13C3 >
δ13nC4 > δ13nC5), which was due to secondary alterations
under high temperature such as oil, gas cracking, and dif-
fusion, indicate the complicate organic thermal evolution
process.

4. Conclusions

&e SPME technique has brilliant application prospects as its
specific extraction characteristics provide a simple and useful
method to analyze the carbon isotope compositions of trace
hydrocarbons (C1–C9) in natural gas. In this respect, an SPME
fiber coating with DVB/CAR/PDMS is suitable for the ex-
traction of C1–C9 hydrocarbons from natural gas, thereby
allowing the extraction of 24 types of hydrocarbons, with an
extraction coefficient increasing significantly upon increasing
the carbon number. However, the various enrichment abil-
ities of each hydrocarbon make it difficult to calculate the real
content of hydrocarbons, while the content balance effect
makes it easier to simultaneously measure the carbon isotope
composition of C1–C9 hydrocarbons in natural gas.

&e herein presented analysis method has an excellent
repeatability and high precision. Carbon isotope stability
experiments of trace hydrocarbons proved that the de-
sorption time did not induce any isotopic fractionation.
Furthermore, this method was applied to seven natural gas
samples in an effort to determine the carbon isotope
compositions of C1–C9 hydrocarbons, which could help to
further understand the origins and evolution of natural gas.
&erefore, this experimental method can be successfully
applied to analyze geological samples, thereby providing
important information on the geochemical characteristics of
natural gas, which would be very useful for geochemists.
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Caffeine is recognized as the first-line therapeutic agent for apnea of prematurity. +e dosage regimen is 10mg/kg loading dose
and 2.5mg/kg maintenance dose. However, the plasma concentration achieved, not always, is therapeutically useful. It makes
necessary to increase the doses to reach plasma concentration up to 30 or 35 μg/mL or even higher to attain therapeutic effect. To
study why neonates have these differences, and whether these effects are linked to prenatal caffeine exposure, we had to develop an
analytical method for an accurate measurement of caffeine and metabolites concentration.+e analysis was carried out using fetal
bovine serum (FBS) as biological matrix in a high-performance liquid chromatography with an ultraviolet detector method. +is
method allows acceptable chromatographic resolution between analytes in 15 minutes. It was validated and proved to be linear in
the 0.1–40 µg/mL range for caffeine, paraxanthine, theobromine, and theophylline in the same chromatographic analysis.
Accuracy for quality control samples for intra- and interday assays was ranged from 96.5 to 105.2% and 97.1 to 106.2%. Precision
had CV no more than 10% in all concentration levels for all analytes. No differences were observed between quantification in
human and FBS. +is method was applied to quantify plasma drug concentration in mothers and their newborns in a Mexican
northeast population. In our study, we confirmed self-reported caffeine maternal intake in 85.2% (n � 23); meanwhile, in their
newborn’s plasma, it was detected only in 78% (n � 21). Caffeine plasma concentrations in mother and newborn had a linear
relationship, and no differences were observed between groups (mothers versus children).+ese results suggest that our analytical
method and substitution of biological matrix was linear, precise, and accurate for caffeine quantification and could be used for
measuring prenatal exposure and let us to study, in the future, concentration differences observed during apnea clinical treatment.

1. Introduction

Caffeine (1,3,7-trimethylpurine-2,6-dione) (Figure 1) is
among the most consumed legal psychostimulants nowa-
days and is present in many and diverse kinds of foods and
beverages [1, 2].

+is drug has psychoactive properties. It is a slightly
dissociative and stimulant drug because of its nonselective
antagonist action against adenosine receptors [3, 4].

Clinically, caffeine is recognized as the first-line
therapeutic agent for apnea of prematurity [5], because
of its safer clinical profile compared to the older drug

theophylline and its oral form aminophylline [6]. For this
indication, there is an internationally proposed dosage
regimen for caffeine base (10mg/kg load dose and
2.5mg/kg maintenance dose) [7, 8]. Effective concentra-
tions can be found among 5 to 20 μg/mL [7, 8]. In some
cases, it is needed to increase plasma caffeine levels up to
30 or 35 μg/mL or even higher to be able to attain ther-
apeutic effect [7, 9]. It has been stated that there is no need
to monitor caffeine concentrations due to the high ther-
apeutic margin that it has [9], although others suggest that
serum concentrations should be monitored periodically
because caffeine clearance and half-life rapidly change in
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the postnatal period [10, 11], and under those circum-
stances, a method such as the one proposed here can be
very useful.

+e presence of multiple cytochrome P-450 isoforms
(CYP450) may explain the species, strain, age, tissue, and sex
differences as well as the effect of inducers, nutritional status,
and human drug metabolism. In humans, caffeine is me-
tabolized through the liver microsomal drug-metabolizing
enzyme system CYP450. In neonates, the expression of this
enzymatic system is dependent on their prenatal and postnatal
age [10, 12]. It has been suggested that the therapeutic effects of
caffeine are affected by the expression and type of CYP1A2
isoform present (main metabolic pathway), which affects not
only plasma concentration of caffeine (Caf) and itsmetabolites
(theophylline (+eo), theobromine (+eb), and paraxanthine
(Par)) (Figure 1) but also its therapeutic effects [13–15].

+e analytical methods used for the quantification of
caffeine and its main metabolites are immunoassay with
monoclonal antibodies, which presents as main disadvantage
the selectivity and sensitivity of the method [16], and liquid
chromatography coupled to mass spectrometry detector
(LC-MS/MS), which although is a very powerful tool, but its
high cost and availability for clinical application has limited its
use [17, 18]. +e most common analytical method used is
liquid chromatography with ultraviolet detection (LC-UV)
that provides adequate sensitivity and selectivity [19, 20].

Another analytical problem is to obtain caffeine-free
human plasma from volunteers. Some authors have tried to
use substitutes, human plasma treated with activated
charcoal to remove caffeine, or the manufacture of syn-
thetic plasma devoid of caffeine [19]. We evaluate the
possibility of using bovine whole serum because it is more
representative than using human plasma or serum treated
with activated charcoal to deplete substances or synthetic
plasma. Likewise, we consider that bovine serum is more
accessible and easily freer of caffeine than that derived from
a human donor [19].

Recent studies have reported that intake of caffeine during
pregnancy (plasma concentration estimated by self-reported
consumption) is associated with the development of sickness
such as obesity and hypertension, besides others [21, 22].

Our group is interested in quantifying plasma levels of
caffeine and its metabolites to determine what is the prenatal
exposure to caffeine in our population and if this exposure
has an impact on therapeutic response (apnea) or if it in-
creases risk or predisposition to other diseases [21, 23].

For this reason, initially we had to develop an analytical
method to quantify caffeine and its metabolites in plasma at
our laboratory.

In this study, we present the results on the use of fetal
bovine serum (FBS) for the development and validation of an
analytical method by HPLC for the quantification of caffeine
and three of its main metabolites in samples of neonates and
their mothers to perform the previously mentioned studies
and results of its clinical application.

2. Materials and Methods

2.1. Chemicals and Reagents. Caffeine (1,3,7-trimethylxan-
thine) (C0750), paraxanthine (1,7-dimethylxanthine) (D5385),
theobromine (3,7-dimethylxanthine) (T4500, >98%), and
7-(β-hydroxyethyl)theophylline (IS) (H9006) were ob-
tained from Sigma (St. Louis, MO, USA).+eophylline (1,3-
dimethylxanthine) (J1H052) was USP standard (Rockville,
MD, USA). Acetonitrile and methanol were of HPLC
grade, and acetic acid was of reagent grade; all were ac-
quired from J.T. Baker (Xalostoc, Mexico). Water used
during this study was of HPLC grade (Fermont laboratories,
Monterrey, Mexico). Fetal bovine serum (FBS) was used as
biological matrix to prepare calibration curves and quality
control samples used during method validation and quanti-
fication of newborn samples (Gibco, Life Technologies).

2.2. Equipment. HPLC system consisted in a quaternary
pump with a degasser, and it was coupled to an autosampler
and DAD–UV detector (Agilent 1200 series) (Agilent Tech-
nologiesMexico, S. de R.L. de C.V.). Separation was performed
on a reverse-phase column Zorbax® SB-Aq narrow bore RR
(2.1× 100mm, 3.5µm) (Agilent Technologies). +e column
oven was maintained at 40°C, while the autosampler was set at
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Figure 1: Caffeine and its major metabolites and internal standard structures.
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room temperature. Fifteen microliters of processed sample was
injected into the HPLC system.

2.3. Chromatographic Conditions. For optimization of
chromatographic conditions, the effects of various method
parameters such as mobile phase, column, flow rate and
solvent ratio, and detection system were evaluated, and the
chromatographic parameters such as asymmetric factor,
resolution, and column efficiency were calculated. +e best
results were obtained with a mixture of 10mM phosphate
buffer, pH 6.8, and acetonitrile, in a gradient phase mobile
composition obtained using a gradient program (Table 1) at
0.7mL/min. Chromatograms were recorded at 273 nm with
a run time of 15min.

At the end of each work day, the column was washed
with acetonitrile : water (90 :10 v/v) during 30min. Chro-
matographic data were processed using Chemstation for LC
systems software (Agilent Technologies).

2.4. Preparation of Stock and Working Solutions. Stock so-
lutions of Par, +eo, and Caf (4mg/mL) were prepared
separately, dissolving an appropriate amount of each drug in
diluent (Milli-Q water). +eb solution was prepared at half
concentration than the others (2mg/mL) due to theobro-
mine having the lowest aqueous solubility compared to the
rest of caffeine alkaloids. +is solution was prepared adding
+eb to diluent (Milli-Q water) and heating and mixing the
solution prior to obtain its total volume. +e solution was
cooled to room temperature before it was adjusted to its final
volume.

Working solutions for the different points in the cali-
bration curve or quality control samples were prepared si-
multaneously for all interest drugs in water. +ose solutions
were obtained mixing the necessary reagent volume to attain
different concentrations; 1, 3, 5, 10, 25, 50, 100, 200, 300, and
400 µg/mL.

IS working solution (7-(β-hydroxyethyl)theophylline)
was prepared at 20 µg/mL in Milli-Q water. It was stored
until use.

2.5. Standard Calibration Curves and Quality Control
Samples. Seven level calibration curves were constructed by
spiking water or drug-free FBS with known amounts of Caf,
+eo, Par, and+eb to reach concentrations of 0.1, 0.3, 1, 2.5,
10, 20, and 40 µg/mL. +ree quality control samples were
prepared at low, middle, and high level of the calibration
curve (0.5, 5, and 30 µg/mL). In all cases, the biological
matrix dilution did not exceed 10%. +ese solutions were

vortexed for one min, and then 0.5mL aliquots were
transferred into 1.5mL Eppendorf microcentrifuge tubes
and stored at −60°C until use.

2.6. Clinical Design. +e analytical method was developed,
validated, and challenged in a clinical trial. +e clinical study
was focused to quantify prenatal caffeine exposure, and later
the analytical method will be applied to study clinical
pharmacokinetics of caffeine in preterm neonates.+is study
reports only the results of the pilot trial of prenatal caffeine.
+e clinical protocol was reviewed and approved by our
Institutional Research and Ethics Board registered according
to Mexican law to authorize and oversee the conduction of
clinical trials (13CI19039138 and CONBIOETICA-19-CEI-
011-20161017). +e protocol was conducted in accordance
with the Declaration of Helsinki. All participants (fathers,
mothers, or legal responsible) agreed to be included in the
study, by signing an informed consent form.

Inclusion criteria are as follows: women 18 years old or
older, pregnant with single or multiple products, gestational
age less than 34 completed weeks (based on dates and con-
firmedwith an ultrasound examination), andwithout a history
of preeclampsia or any neonatal abnormality.

We excluded women with known fetal genetic or major
malformations, very critical condition, or fetal demise.

2.7. Plasma Samples Collection. Blood samples (1mL) were
collected during the 15 minutes immediately after delivery
from umbilical cord (neonates) or from venous puncture
(mothers). Samples were collected in heparinized Vacutainer®
tubes and centrifuged for 10min at 3500 rpm under a con-
trolled temperature of 10°C. +e plasma supernatant was
carefully transferred to two polypropylene tubes and frozen at
−60°C until they were analyzed.

2.8. Samples Preparation. One hundred microliters of the IS
working solution was added to 150 µL of plasma samples
(calibration standards, quality control samples, or mother or
neonate samples) in a 1.5mL Eppendorf tube. To this so-
lution, we added 350 µL of a 10% (v/v) acetic acid solution
and 400 µL of water. +e tube was vortexed for 20 s and then
centrifuged at 12000 rpm for 10min at 4°C. +e supernatant
clear layer was collected and preprocessed in a solid-phase
extraction (SPE) system.

2.9. SPE Cleaning. +e sample pretreatment procedure was
carried out on plasma by means of solid-phase extraction
(SPE) on polymeric 96-well plates Strata-X™ (30mg, 1mL)
(Phenomenex®, Torrance, CA).+e plate was placed in a 96-
well plate vacuummanifold system (Phenomenex, Torrance,
CA). +e vacuum pressure was adjusted between −15 and
−20mmHg, and each well was activated by washing with
1mL methanol followed by 1mL water.

Onemilliliter of each sample supernatant (previous step)
was placed on its corresponding well and allowed to pass
through low vacuum (−5 to −6mmHg). +e wells were then
washed with 1mL 5%methanol at vacuum pressure between

Table 1: Final gradient program for HPLC sample analysis.

Time (min) A (%) B (%) Flow rate (ml/min)
0 97 3 0.7
8.5 97 3 0.7
12 92 8 0.7
13 97 3 0.7
Mobile phase A: 10mM phosphate buffer, pH 6.8. Mobile phase B: ace-
tonitrile 100%.
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−15 and −20mmHg. Caffeine and its metabolites were
eluted with 1mL methanol-2% acetic acid (70 : 30) solution.
+e eluent was dried under N2 gas at 40°C. +e residue was
dissolved in 50 μL mobile phase and filtered through
0.22mm filters, and an aliquot (15 μL) was injected into the
HPLC.

2.10. AssayValidation. Validation was carried out following
the criteria established in the Mexican regulatory guidelines
[24], which are similar to the Guidance for Industry Bio-
analytical Method Validation by FDA [25]. Inter- and in-
traday precision and accuracy were determined at low,
medium, and high concentration levels on the calibration
curve. Selectivity, stability, limit of quantification, and limit
of detection were also evaluated [26]. Absolute extraction
recoveries of Caf, metabolites, and IS were determined by
comparing their respective response from quality control
samples after the extraction process against their non-
extracted samples above aqueous solutions. Validation re-
sults were obtained using chromatographic results and
processed by SPSS software version 22.0.

2.11. Clinical Study Analysis. Results of caffeine and me-
tabolites for prenatal exposure pilot study were expressed as
plasma concentration for mothers and newborns. Plasma
concentration differences by each mother/child pair (M/C)
were calculated and used to construct a Bland–Altman plot
for each compound. +e differences between each M/C pair
plasma concentrations were analyzed for means difference
with Student’s t-test, with a statistical significance level (α)
of 0.05 and assuming normal data distribution. All statis-
tical analyses were performed using SPSS software version
22.0.

3. Results and Discussion

3.1. Chromatography. We tested different analytical
methods reported for caffeine and metabolite quantification
[27] in order to adjust them to our laboratory conditions.
However, none proved to be useful for our purposes,
quantifying in a single step caffeine and its three major
primary metabolites. At the beginning, we tried to develop
an analytical method by fluorescence detection in an
Acquity™ ultra-performance liquid chromatography
(UPLC; Waters Corp., Milford, MA, USA), but it did not
have enough sensitivity.

It is well known that fluorescence is more sensitive than
UV for analysis of various compounds. However, fluores-
cence sensitivity to detect caffeine in biological samples
remains a challenge.

At the beginning of our experimental process, we found
a report that described fluorescence parameters for caffeine
analysis. We obtained the same values of fluorescence spec-
trum by scanning a caffeine aqueous solution at 40µg/mL, and
excitation wavelength (λexc) and emission wavelength (λemis)
were 272 nm and 385nm, respectively (data not shown).
Recently, Weldegebreal et al. reported fluorescence caffeine
wavelengths similar to those we found [28]. However, in our

experiments, at the highest concentration of caffeine in the
calibration curve, the signal recorded was too low. +is is
similar to what was reported by Weldegebreal at a greater
concentration [28].

We believe that another problem could be related with
the caffeine fluorescence in biological samples. Some re-
searchers have described that caffeine and its metabolites
(theophylline and theobromine) can quench fluorescence
signals for proteins, amino acids, and hemoglobin [29]. But,
could those analytes (protein, aromatic amino acids, and
hemoglobin) quench caffeine fluorescence? Currently, we do
not have data regarding this, but we believe it is possible
because the static quenching mechanism is based on the
noncovalent interaction characteristic of a π-stacked com-
plexes [29].

Recently, a “light traffic” detector has been developed
to improve caffeine fluorescence detection. +is device
uses a compound called “caffeine orange” to conjugate
caffeine and increase about 250-fold the fluorescence
signal. However, the main setback is that it is not selective
and can increase fluorescence for caffeine, theobromine,
theophylline, and other methylxanthines. +is result
suggests that fluorescence intensity signal by caffeine is too
low for direct detection and needs derivatization to in-
crease response [30].

Conversely, the HPLC/UV method had enough sen-
sitivity for 0.1 μg/ml for each analyte in solution. We tested
C8 and C18 columns with different pH values or mobile
phase composition. However, retention time for each
analyte was too short (losing resolution) or too long (in-
creasing analytical run time). Our analytical method had an
excellent chromatographic behavior. We were able to
separate Caf, +eo, +eb, Par, and IS in 15 minutes using
a chromatographic column designed to retain hydrophilic
compounds using highly aqueous mobile phase without
“phase collapse.” +is method was faster than other HPLC-
UV methods that have been reported previously with
a running time higher than 20min or even up to 60min
[31]. Caf, metabolites, and IS had a continuous resolution
factor of about 1.2 between contiguous peaks. Retention
times were 3.8, 4.8, 5.5, 7.0, and 12.0min for +eb, Par,
+eo, internal standard (IS), and Caf, respectively. Figure 2
shows representative chromatograms of FBS blank (Figure 2
(a)); FBS+ IS (Figure 2(b)); FBS spiked with caffeine and
metabolites at all calibration curve levels lower (0.1 µg/mL)
and upper (40.0 µg/mL) (Figure 2(c)) and zoom to show the
lower limit of quantification (Figure 2(d)); plasma obtained
from a mother volunteer and her child (Figure 2(e)) without
caffeine and metabolites (volunteer 3); and plasma obtained
from a mother volunteer and a pair of her twins T1 and T2
(Figure 2(f)) containing caffeine and metabolites (volunteer
5). In all conditions, chromatographic traces were completely
clean and none exhibited any type of interference throughout
the entire running time.

3.2. Linearity and Lower Limit of Quantification (LLOQ).
+e calibration curves were linear over the concentration
range of 0.1–40 µg/mL, in a first-order model for all analytes.
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Figure 2: Continued.
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Figure 2: Representative chromatograms of FBS blank (a), FBS + IS (b), FBS spiked with caffeine and metabolites at all calibration curve
levels lower (0.1 μg/mL) and upper (40.0 μg/mL) (c), and zoomed-in view showing the lower limit of quantification (d); plasma obtained
from amother volunteer and her child (e) without caffeine andmetabolites (volunteer 3); and plasma obtained from amother volunteer and
a pair of her twins T1 and T2 (e) containing caffeine and metabolites (volunteer 5). +eb: theobromine (RT 3.8 min), Par: paraxanthine
(RT 4.8 min), +eo: theophylline (RT 5.5 min), IS: 7-β-(hydroxyethyl)theophylline (RT 7.0 min), and caffeine (RT 12 min). RT: retention
time.
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+e linear equation for each assayed analyte was as follows:
for theobromine (+eb/IS) �−0.001 + 0.056 (concentra-
tion), r2 � 0.998 (Figure 3(a)); for paraxanthine (Par/IS) �

0.006 + 0.056 (concentration), r2 � 0.997 (Figure 3(b)); for
theophylline (+eo/IS) � 0.015 + 0.055 (concentration),
r2 � 0.983 (Figure 3(c)); and for caffeine (Caf/IS) �−0.017
+ 0.055 (concentration), r2 � 0.995 (Figure 3(d)).

For all analytes, LLOQ in BFS was 0.1 µg/mL. +e LLOQ
had a signal-to-noise ratio higher than 10 :1 (CV< 15%)
(Figure 2(d)).

3.3. Recovery, Accuracy, and Precision. +e optimal extrac-
tion recovery was obtained with SPE cartridges as it was
described previously. To calculate absolute recovery of
caffeine, metabolites, and IS, 5 sets of samples (0.5, 5, and
30 µg/mL) were prepared in FBS, in human plasma, or in
mobile phase, and peak areas were compared. Mean ana-
lytical recovery for all concentration levels of +eb, Par,
+eo, and Caf was 92, 96, 95, and 102%, respectively, and
95% for the IS. Inter- and intraday accuracy and precision
values of the assay are presented in Table 2.
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Figure 3: Typical calibration curves for quantification of theobromine (a), paraxanthine (b), theophylline (c), and caffeine (d) in human
plasma. +eobromine (-○-), paraxanthine (-◆-), theophylline (-◊-), and caffeine (-▲-).

Table 2: Results of intra- and interday variability during validation of the HPLCmethod. Accuracy is expressed as percentage of the nominal
value. Precision is expressed in terms of the percentage of the coefficient of variation.

Concentration (µg/mL)
Interday, n � 9, accuracy (%)/precision (CV) Intraday, n � 5, accuracy (%)/precision (CV)

+eb Par +eo Caf +eb Par +eo Caf
0.5 103.7 (8.8) 96.6 (4.0) 96.5 (2.3) 100.73 (8.0) 101.2 (8.7) 97.1 (3.5) 97.5 (4.1) 98.4 (6.3)
5 100.9 (5.7) 103.2 (4.9) 99.0 (4.6) 102.2 (6.6) 100.6 (6.8) 102.1 (5.0) 99.9 (5.0) 103.4 (5.6)
30 101.9 (7.5) 102.1 (6.4) 103.2 (5.5) 105.2 (5.7) 102.9 (8.7) 101.0 (5.5) 103.0 (5.4) 106.2 (4.8)
Interday results are the accumulation of determination of 3 quality control samples in three different days for each concentration level.
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Table 3: Differences between concentrations of caffeine and metabolites in human plasma or fetal bovine serum spiked sample.

Concentration (µg/mL)
Human plasma mean (CV) Fetal bovine serum mean (CV)

p value
0.5 5.0 30.0 0.5 5.0 30.0

+eb 0.50 (3.4) 5.21 (3.4) 31.49 (4.1) 0.52 (8.8) 5.04 (5.7) 30.57 (7.5) NS
Par 0.50 (2.6) 5.01 (4.4) 30.92 (7.4) 0.48 (4.0) 5.16 (4.9) 30.62 (6.3) NS
+eo 0.49 (4.2) 4.98 (4.6) 31.10 (5.2) 0.48 (2.3) 4.95 (4.6) 30.95 (5.5) NS
Caf 0.52 (6.7) 5.03 (7.0) 32.28 (4.9) 0.50 (8.0) 5.11 (6.6) 31.57 (5.7) NS
NS: no differences besides groups for each analyte at the same concentration.

Table 4: t-Test analysis for mean comparison between maternal and neonatal caffeine and metabolite concentration. Statistical analysis was
done by comparing difference of concentrations mother-child versus zero difference.

Analyte Mean difference SE 95% CI difference Diff (mother-neonate) versus zero
+eobromine −0.1462 0.087 (−0.327 to 0.035) p � 0.109 NS
Paraxanthine −0.0352 0.037 (−0.113 to 0.042) p � 0.361 NS
+eophylline −0.0044 0.028 (−0.064 to 0.055) p � 0.880 NS
Caffeine −0.0194 0.097 (−0.221 to 0.182) p � 0.844 NS
Caffeine and its metabolites were measured by our HPLC method; CI: confidence interval; Diff: difference; SE: standard error.
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Figure 4: Bland-Altman plot for theobromine (a), paraxanthine (b), theophylline (c), and caffeine (d) plasma concentrations for mother
versus newborn samples. Differences between mother-child pairs. Continuous line represents mean of difference between maternal
concentration and neonatal concentration for each analyte. Dotted lines represent lower and upper limits of 95% confidence interval. +eb:
+eobromine, Par: paraxanthine, +eo: theophylline, and Caf: caffeine.
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No differences were observed between relative recovery
of caffeine and its metabolites from FBS samples compared
with human plasma assessed by Bland–Altman analysis and
Student’s t-test (Table 3). +is result indicates that the
method in FBS was reliable within the studied concentration
range and its application to human samples analysis.

3.4. StabilityAssays andSelectivity. Caf,+eo,+eb, Par, and
IS proved to be stable in biological samples for at least 6
months at −60°C (final mean recovery of 101.7, CV 5.7%);
samples were also stable for at least two freeze and thaw
cycles (98%; CV 4.3%) and for at least 8 h on the worktable at
room temperature (25°C; 96.5%; CV 4.5%). +is was enough
time according to our preparation sample method. Analytes
were also stable for at least 13 h in the autosampler (101.5%;
CV 6.0%), which made it possible to analyze about 50
samples in a row.

+ere were no endogenous compounds that interfered
either with caffeine or its metabolites or with IS, even in
hemolyzed or jaundiced samples. Other results of selectivity
evaluation demonstrated that there were no interfering
peaks from any of the following drugs: acetaminophen,
ibuprofen, erythromycin, furosemide, or heparin, which are
commonly used during neonatal pharmacotherapy.

3.5. Prenatal Caffeine Exposure. +e trial was conducted
from July 2013 through December 2013 in three medical
centers located in Northeastern Mexico: the Hospital Re-
gional Materno Infantil (Center 1), the Hospital Metro-
politano Dr. Bernardo Sepúlveda (Center 2), and the
Hospital Zambrano-Hellion (Center 3). +e first two are
public hospitals that harbor level II-III neonatal intensive
care units and belong to the Servicios de Salud Network in
Nuevo León, Mexico. +e last is a private hospital with
a level III neonatal intensive care unit and belongs to the
academic and research health branch of Tecnológico de
Monterrey in Monterrey, Nuevo León, Mexico. Seventy-
three pregnant females that were admitted to the obstetric
ward during labor were eligible to participate. Forty-six were
excluded for different reasons: fetal death (19), malformation
(1), or transfer to another unit (4), and 22 eligible mothers
who declined the invitation to participate. +us, only 27
pregnant volunteers participated in this study.

In our study, we were able to demonstrate the maternal
consumption of caffeine in 85.2% of the volunteers (n � 23);
meanwhile, in newborns’ plasma, caffeine was only quan-
tified in 78% (n � 21). Means of plasma Caf concentration
were 0.87± 0.22 and 0.89± 0.24 µg/mL in mother and
newborn groups, respectively. No differences were observed
in occurrence and level of caffeine from other populations
[32]; however, it is necessary to increase sample size to
establish better conclusions. No differences were detected
between groups or each pair of mother/child samples
evaluated by Bland–Altman plot (Table 4, Figure 4(d)).
Likewise, means of plasma concentration for +eb, Par, and
+eo were 0.27± 0.05 and 0.42± 0.08µg/mL, 0.17± 0.05 and
0.21± 0.04µg/mL, and 0.12± 0.03 and 0.12± 0.03µg/mL for
mother and newborn groups, respectively. No differences were

detected between groups assessed by t-test or Bland–Altman
plot (Table 4, Figures 4(a)–4(c)).

For Caf in maternal and newborn plasma concentration,
there was a positive linear regression (Figure 5). However,
for +eb, Par, and +eo, the same relationship was not
found. An explanation could be that those metabolites had
a different transplacental transfer rate perhaps related to
gestational age [33] or changes in the metabolic pathway rate
for caffeine and metabolites, also in relation to gestational
age as it has been reported for other drugs [34]. We need to
perform a deeper study to explain differences between
maternal caffeine and its metabolite concentrations and their
corresponding concentrations in newborns.

4. Conclusion

We developed a rapid and sensitive analytical method for the
simultaneous determination of caffeine and its three prin-
cipal metabolites in adult and newborn human plasma using
HPLC technique after solid-phase extraction with Strata-X™
plates. +is method had an acceptable accuracy (96.5–
105.2% for intraday and 97.1–106.2% for interday) and
precision with a CV less than 10% in all concentration levels
used as quality control samples for all analytes. +is method
is suitable for use in individuals in which blood extraction
volumes are limited (150 μL of plasma) due to their body
size, as is the case in newborns, and it can be used for re-
peated sample procurement such as in pharmacokinetics
studies as well as in therapeutic drug monitoring of caffeine
and its metabolites in human neonates and perhaps also in
small mammals (biological models).
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A simple, sensitive, accurate, robust headspace gas chromatographic method was developed for the quantitative determination of
acetone and isopropyl alcohol in tartaric acid-based pellets of dipyridamole modified release capsules. 'e residual solvents acetone
and isopropyl alcohol were used in the manufacturing process of the tartaric acid-based pellets of dipyridamole modified release
capsules by considering the solubility of the dipyridamole and excipients in the different manufacturing stages. 'e method was
developed and optimized by using fused silica DB-624 (30m× 0.32mm× 1.8 µm) column with the flame ionization detector. 'e
method validation was carried out with regard to the guidelines for validation of analytical procedures Q2 demanded by the
International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use (ICH). All the validation
characteristics were meeting the acceptance criteria. Hence, the developed and validated method can be applied for the intended
routine analysis.

1. Introduction

Dipyridamole (2,6-bis-(diethanolamino)-4,8-dipiperidino-
(5,4-d)-pyrimidine) displays antithrombotic and anti-
aggregatory activity. 'e dipyridamole (Figure 1) is used in
combination with “blood thinners” such as warfarin to avoid
clot formation after heart valve replacements. Clots are
a serious complication that can cause strokes, heart attacks,
or blocked blood vessels in the lungs (pulmonary embo-
lisms). Dipyridamole is an antiplatelet drug. Dipyridamole is
an odourless yellow crystalline powder, having a bitter taste.

Dipyridamole exhibits a relatively short biological half-
life of less than one hour. 'erefore, extended release
formulations of dipyridamole, which provide a continual
administration of active ingredient over time, are preferred.
Dipyridamole is soluble in acidic mediums with a pH be-
low 4 and is practically insoluble in water. 'erefore,

dipyridamole is readily absorbed in the more acidic regions
of the upper gastrointestinal tract, but remains insoluble in
the more basic regions of the intestine. To obtain a constant
level of dipyridamole in the blood, it is advantageous to
formulate a dipyridamole dosage form that releases dipyr-
idamole at a controlled rate and at a defined pH. Acidic
components can be coadministered with dipyridamole to
maintain a defined pH level throughout administration.
Dipyridamole can also be administered with other active
ingredients, such as aspirin. Aspirin (acetylsalicylic acid) is
an inhibitory substance which counteracts the aggregation of
human blood platelets by inhibiting cyclooxygenase and
thereby inhibiting the biosynthesis of the aggregation pro-
moting thromboxane A2 [1, 2]. 'e residual solvents present
in tartaric acid-based pellets of dipyridamole modified re-
lease capsules are classified as class 3 solvents as per the ICH
Q3C guidelines.
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�e dipyridamole in tartaric acid-based pellets of

dipyridamole modied release 150mg and 200mg capsules
are available in the market. Each capsule contains dipyr-
idamole 200mg and 150mg respective dosage strength. �e
adults including the elders recommended dose is one capsule
twice daily, usually one in the morning and one in the
evening preferably with meals. �e capsules should be
swallowed whole without chewing as per eMC [3].

In the literature survey, quite a few GC method have
been reported from the determination of the residual sol-
vents in dipyridamole API [4], few liquid chromatographic
methods have been reported for determination of dipyr-
idamole in pharmaceutical preparation [4–6], and few
methods have been reported for dipyridamole and its
degradation product [7, 8]. However, several methods were
reported for determination of dipyridamole in combination
with other drugs [9–12]. Estimation of dipyridamole and its
metabolites in human plasma by liquid chromatographic-
mass spectroscopy and HPLC has been performed [13–15].

�e aim of this study is to develop the simple and fast
analytical method for estimation of residual solvents in the
tartaric acid-based pellets of dipyridamole modied release
capsules, and the method can be used for the routine analysis.
�e developed method was subjected for the analytical val-
idation with respect to specicity, linearity, precision, accu-
racy, limit of detection (LOD), limit of quantication (LOQ),
robustness, and ruggedness as per the ICH guidelines [16].

2. Materials and Methods

2.1. Chemicals and Reagents. �e GC grade N,
N-dimethylsulfoxide, isopropyl alcohol, acetone, HPLC
grade water, nitrogen gas, air, and hydrogen. �e dipyr-
idamole drug substance, placebo samples of dipyridamole
modied release capsules, and samples of dipyridamole
modied release capsules were supplied by Bluesh Phar-
maceuticals Pvt. Ltd, Bangalore, India.

2.2. Equipment. �e analytical method was developed by
using the Agilent 7890A coupled with G1888 network
headspace sampler, analytical balance from Mettler Toledo,
micropipette from Eppendorf, headspace crimp vials, and
suitable glass apparatus for solution preparations.

2.3. Chromatographic Conditions. �e method was de-
veloped and validated by using fused silica DB-624
(30m× 0.32mm× 1.8 µm) column with the �ame ioniza-
tion detector (FID) and the chromatographic parameters are
given in Table 1. �e chromatographic retention time of
acetone and isopropyl alcohol is given in Table 2.

2.4. Preparation of Solutions

2.4.1. Diluent Solution. Amixture of N,N-dimethylsulfoxide
and water was used as diluent.

2.4.2. Blank Solution. Transfer 5mL of diluent into 20mL
headspace and crimp cap immediately.

2.4.3. Preparation of Standard Solution (Stock). Weigh and
transfer about 500mg of isopropyl alcohol and 500mg of
acetone into 50mL volumetric �ask containing about 30mL
of diluent mix and make up to the mark with diluent.

2.4.4. Preparation of Standard Solution. Pipette out 5mL of
the above standard stock solution into 100mL volumetric
�ask and make up to the mark with diluent. Transfer 5mL of
above solution into 20mL headspace vials, and crimp cap
immediately.

2.4.5. Preparation of Sample Solution. Open ve capsules
and crush the pellets using mortar pestle.Weigh and transfer
500mg of crushed powder into 20mL headspace vial, add
5mL of diluent, and crimp the cap immediately.

2.5. SystemSuitabilityCriteria. �e present relative standard
deviation of standard peak area for six replicate injections
should not be more than 10.

3. Results and Discussion

3.1. Method Development and Optimization. �e analytical
method development was initiated by using the Agilent
7890A coupled with G1888 network headspace sampler,
fused silica DB-624 (30m× 0.32mm× 1.8 µm) column with
the �ame ionization detector (FID), carrier gas as helium.
�e front injector conditions (injector temperature 140°C,
carrier gas �ow 2.0mL/min, and split ration 5 : 1), front
detector conditions (detector temperature 260°C, hydrogen
�ow 40mL/minute, and air �ow 300mL/minute), oven
conditions (40°C for 10 minutes and increasing the tem-
perature to 250°C at the rate of 30°C/minute and hold for 10
minutes), headspace oven temperature 100°C, loop tem-
perature 105°C, transfer line temperature 110°C. �e
dimethylsulfoxide used as diluent for solution preparations.
Based on the above experiment, we found the very less
resolution between acetone and isopropyl alcohol. �e
further experiments were conducted by altering the chro-
matographic conditions to achieve satisfactory resolution
between acetone and isopropyl alcohol.

OH

OH

OH

HO
N N

N

N

N
N

N

N

Figure 1: Structure of dipyridamole.
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WT'e further experiment was conducted by using the above
experiment chromatographic parameters and by changing the
front injector condition and headspace sampler condition.
Based on the above experiment, we found the very less
resolution between acetone and isopropyl alcohol and found
the placebo peak interference was observed at the retention
time of acetone.'e aim is to resolve the issue of placebo peak
interference, needs to modify the diluent or headspace oven
temperature conditions to finalize the method conditions.

'e further experiment was conducted by using the fused
silica DB-624 (30m× 0.32mm× 1.8 µm) column with the
flame ionization detector (FID), carrier gas as nitrogen. 'e
front injector conditions (injector temperature 140°C, carrier
gas flow 1.0mL/min, and split ration 20 : 1), front detector
conditions (detector temperature 260°C, hydrogen flow
30mL/minute, and air flow 300mL/minute), oven conditions
(40°C for 10 minutes and increasing the temperature to 210°C
at the rate of 35°C/minute and hold for 5 minutes), headspace
oven temperature 80°C, loop temperature 90°C, transfer line
temperature 100°C.'emisture of N,N-dimethylsulfoxide and
water used as diluent for solution preprations. Based on the
above experiment, it was found that no placebo interference
was observed at the retention time of acetone and isopropyl
alcohol, and resolution was found satisfactory.

Based on the optimization of the trials, the above-
mentioned chromatographic conditions were finalized for
the quantification of the acetone and isopropyl alcohol in
tartaric acid-based pellets of dipyridamole modified release
capsules. Hence, this method can be validated and in-
troduced for the routine analysis.

3.2. Method Validation. 'e developed analytical method
for quantification of the residual solvents in the tartaric acid-
based pellets of dipyridamole modified release capsules was
validated as per International Council for Harmonisation of
Technical Requirements for Pharmaceuticals for Human
Use (ICH) [15].'e validation parameters [17, 18] specificity,
estimation of limit of detection (LOD), and limit of quan-
tification (LOQ), accuracy, precision, linearity, range, rug-
gedness, and robustness were examined [17, 18].

3.2.1. System Suitability. To check the system suitability
criteria, the solutions were prepared and injected as per the
test method. All the parameters were found well within the
acceptance criteria (Table 3).

3.2.2. Limit of Detection and Limit of Quantification. 'e
limit of detection (LOD) and limit of quantification (LOQ)
were established by the signal-to-noise ratio method by
preparing the known concentrations of acetone and isopropyl
alcohol and injected into gas chromatography headspace
instrument as per the test method. 'e limit of detection and
limit of quantification for each matrix were determined from
the signal-to-noise ratio (S/N) method of 3 : 1 and 10 : 1 by
injecting the standard solutions (Table 4). 'e LOD and LOQ
were verified by analysis of spiked standard solutions pre-
defined acceptance criteria. 'e percent relative standard
deviation for area response found for acetone at LOD con-
centration is 7.1 and LOQ is 3.5 and for isopropyl alcohol at
LOD concentration is 5.2 and LOQ is 3.7.

3.2.3. Specificity. Specificity was accomplished by injecting
the samples as per the test method and as a part of the
specificity study. Blank, acetone, isopropyl alcohol solvent,
and placebo were prepared and injected as per test method.
No peak interference at the retention time of acetone and

Table 2: Retention times of acetone and isopropyl alcohol.

Serial Number Impurity name RT (about)
1 Acetone 6.8
2 Isopropyl alcohol 7.3

Table 1: Chromatographic parameters.

Column Fused silica DB-624
(30m× 0.32mm× 1.8 µm) Makeup gas flow 25mL/minute

Detector Flame ionization detector (FID) Oven temperature
40°C for 10 minutes and increasing the

temperature to 210°C at the rate of 35°C/minute
and kept for 5 minutes

Mode Constant flow Headspace sampler condition
Carrier gas Nitrogen Oven temperature 80°C
Front Injector condition Loop temperature 90°C

Inject temperature 140°C Transfer line
temperature 100°C

Carrier gas flow 1.0mL/min GC cycle time 34 minutes
Split ratio 20 : 1 Vial equilibration time 20 minutes
Injector type Split Pressurization time 1.0 minutes
Front detector condition Loop fill time 0.2 minutes
Detector
temperature 260°C Loop equilibration

time 0.05 minutes

Hydrogen flow 30mL/minute Injection time 1.0 minutes
Air flow 300mL/minute Shake High
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isopropyl alcohol was observed. 'erefore, we conclude that
this method is selective and suitable for the identification
and quantification of the acetone and isopropyl alcohol in
the dipyridamole modified release capsules.

'e chromatograms are given for the blank (Figure 2),
placebo (Figure 3), acetone (Figure 4), isopropyl alcohol
(Figure 5), standard (Figure 6), as-such sample (Figure 7),
and spiked blend solution (Figure 8).

3.2.4. Method Precision (Repeatability). 'e method pre-
cision or intraassay precision was performed by preparing
the six replicate test preparations (n � 6) of dipyridamole
200mg modified release capsules by spiking acetone and
isopropyl alcohol specification level (Table 5 and Figure 9)
analyzed as per the test method. 'e concentration in parts
per million was calculated and found to be within the ac-
ceptance criteria. 'e relative standard deviations obtained
for acetone were 1.0% and isopropyl alcohol 1.4%. 'e
graphs for acetone and isopropyl alcohol are shown in
Figure 9.

3.2.5. Accuracy. Accuracy of the proposed analytical pro-
cedure was evaluated from the assay results of the acetone and
isopropyl alcohol as per the test method. A series of sample
solutions were prepared in triplicate (six replicate test
preparations for LOQ and about 200% levels) by spiking the
acetone and isopropyl alcohol in placebo except LOQ level in
the range of about 25%, 50%, 100%, and 150% of specification
level and injected into HPLC system and analyzed as per the
test method. 'e concentrations of acetone are 7.5 µg/mL,
1300 µg/mL, 2738 µg/mL, 5050µg/mL, and 7694 µg/mL and
of isopropyl alcohol are 28 µg/mL, 1304 µg/mL, 2745 µg/mL,
5063 µg/mL, and 7715 µg/mL. Individual % recovery, mean %
recovery, % RSD, and squared correlation coefficient for
linearity of the test method were calculated, and the results
were found to be within the acceptance criteria (Table 6). 'e
linearity graphs from accuracy results for acetone and iso-
propyl alcohol are shown in Figures 10 and 11, respectively.

3.2.6. Linearity. 'e linearity was studied by analyzing the
standard solutions. A series of solutions of acetone and

Table 4: Limit of detection and Limit of quantification.

Name LOD LOQ
Concentration (µg/mL) Concentration (µg/mL)

Acetone 3 7
Isopropyl alcohol 11 27
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Figure 2: Typical chromatogram of blank.

Table 3: System suitability criteria and results

Parameter Acceptance criteria Result
'e present relative standard deviation of acetone
peak area for six replicate injections. ≤10.0 0.9

'e present relative standard deviation of isopropyl
alcohol peak area for six replicate injections. ≤10.0 1.3

'e present relative standard deviation of acetone
retention time for six replicate injections. ≤10.0 0.0

'e present relative standard deviation of isopropyl
alcohol retention time for six replicate injections. ≤10.0 0.0
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isopropyl alcohol solutions were prepared in the range of
LOQ to about 150% of specication level and injected
into the HPLC system. Linearity of detector response was

established by plotting a graph between concentration versus
response of acetone and isopropyl alcohol peaks. �e de-
tector response was found to be linear from about LOQ to
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Figure 3: Typical chromatogram of placebo.
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Figure 4: Typical chromatogram of acetone.
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Figure 5: Typical chromatogram of isopropyl alcohol.
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150% of specification level and injected into HPLC
system and analyzed as per the test method. 'e concen-
trations of acetone are 7 µg/mL, 1260 µg/mL, 3024µg/mL,
5040 µg/mL, and 7560µg/mL and of isopropyl alcohol are

27 µg/mL, 1261µg/mL, 3027µg/mL, 5045µg/mL, and
7567 µg/mL.

'e square of correlation coefficient, slope, and %
y-intercept at 100% level, intercept, and residual sum of
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Figure 6: Typical chromatogram of standard solution.
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Figure 7: Typical chromatogram of as-such sample.
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Figure 8: Typical chromatogram of spiked sample.

130 Modern Chromatography

__________________________ WORLD TECHNOLOGIES __________________________



WT
squares were calculated, and the results were found to be
within the acceptance criteria (Table 7).�e linearity graphs
from accuracy results for acetone and isopropyl alcohol are
shown in Figures 12 and 13, respectively.

3.2.7. Ruggedness (Intermediate Precision). Intermediate
precision was performed by preparing the six replicate
test preparations (n � 6) of dipyridamole 200 mg

Table 5: Method precision data for spiked sample.

Sample number Acetone Isopropyl alcohol
1 5242 6391
2 5346 6538
3 5369 6542
4 5289 6469
5 5240 6315
6 5281 6413
Mean 5294 6445
% RSD 1.0 1.4

1 2 3 4 5 6 Mean

Acetone 5242 5346 5369 5289 5240 5281 5294
Isopropyl alcohol 6391 6538 6542 6469 6315 6413 6445
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Figure 9: Method precision.

Table 6: Accuracy data of acetone and isopropyl alcohol.

Spike level
% recovery and relative standard deviation of acetone

and isopropyl alcohol
Acetone Isopropyl alcohol

Level-1 LOQ Mean
% RSD

108.2
2.6

109.9
2.0

Level-2 LOQ Mean
% RSD

94.2
0.2

106.8
1.6

Level-3 LOQ Mean
% RSD

94.7
1.5

104.9
1.7

Level-4 LOQ Mean
% RSD

101.2
0.6

110.1
0.1

Level-5 LOQ Mean
% RSD

101.3
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Figure 10: Linearity plot for acetone from accuracy results.
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modied release capsules by spiking acetone and iso-
propyl alcohol at specication level and analyzed as per
the test method by using di¦erent Headspace gas chro-
matography system, di¦erent column of same make by
di¦erent analyst on di¦erent day. �e concentration in
parts per million was calculated and found to be within
the acceptance criteria. �e overall concentration in parts
per million for replicate preparations (n � 12) of method
precision and intermediate precision was calculated and
found to be within the acceptance criteria (Table 8). �e
relative standard deviations obtained for acetone was
1.4% and isopropyl alcohol was 3.1%.

3.2.8. Solution Stability. �e solution stability of acetone
and isopropyl alcohol was determined by keeping sample
solution and standard solutions at room temperature
for 1 day and 2 day and measured against freshly pre-
pared standard solution. �e standard solution and
sample solutions were found stable for 2 days at room
temperature.

3.2.9. Robustness. Robustness of the proposed method was
performed by keeping the chromatographic conditions
constant with the following deliberate variations:

(i) Change in carrier gas �ow rate
(ii) Change in column oven temperature
(iii) Change in headspace sampler vial equilibration time
(iv) Change in headspace vial oven temperature

�e standard solution was injected six times in replicate
for each abovementioned change. �e system suitability
parameters like % relative standard deviation for area re-
sponse and % relative standard deviation for retention time

Table 7: Linearity data of acetone and isopropyl alcohol.

Description
Dipyridamole and known impurities

Acetone Isopropyl alcohol
Square of correlation coe§cient (R2) 0.998 0.997
Slope 1385.9 357.7
Y-intercept 100,186.4 39,555.8
% Y-intercept 1.4 2.1
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Figure 12: Linearity plot for acetone.
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Figure 13: Linearity plot for isopropyl alcohol.

Table 8: Ruggedness data.

Impurity % RSD for six individual
preparation

�e overall % RSD
(n � 12)

Acetone 0.6 1.4
Isopropyl
alcohol 0.7 3.1

132 Modern Chromatography

__________________________ WORLD TECHNOLOGIES __________________________



WT
were recorded for acetone and isopropyl alcohol and found
well within the acceptance criteria. �e results are given in
Table 9, and the graphs for acetone and isopropyl alcohol are
shown in Figures 14 and 15, respectively.

3.2.10. Application of the Proposed Method. �e developed
analytical method was applied to the analysis of real samples
from the manufacturing unit. All the analytical validation
parameters could be conrmed, and the method was proven

Table 9: Robustness data.

Parameter variation

�e present relative standard
deviation of peak area for six

replicate injections should not more
than 10.0

�e present relative standard
deviation of retention time for six
replicate injections should not more

than 10.0
Acetone Isopropyl alcohol Acetone Isopropyl alcohol

Flow 0.8mL/min 0.4 0.6 0.0 0.0
Flow 1.2mL/min 0.5 0.7 0.1 0.0
Column oven temperature 35°C 0.3 1.0 0.0 0.0
Column oven temperature 45°C 0.4 0.6 0.0 0.0
Headspace vial equilibration time 15min 1.2 3.1 0.0 0.0
Headspace vial equilibration time 25min 0.2 0.7 0.0 0.1
Headspace vial oven temperature 75°C 0.5 0.8 0.0 0.1
Headspace vial oven temperature 85°C 0.2 0.4 0.0 0.0
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Figure 14: Robustness data for acetone.
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Figure 15: Robustness data for isopropyl alcohol.
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to be suitable for routine analysis regarding rapid and ac-
curate results.

4. Conclusions

A simple, sensitive, accurate, robust headspace gas chro-
matographic method was developed for the quantitative
determination of residual solvents in tartaric acid-based
pellets of dipyridamole modified release capsules. 'e
proposed method was validated and found to be precise,
accurate, linear, robust, and rugged, and all the validation
parameter results were found satisfactory. 'e described
method is suitable for routine analysis of production sam-
ples at laboratories.
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So-Cheong-Ryong-Tang, which is a standardized Korean medicine of the National Health Insurance, is a traditional prescription
for the treatment of allergic rhinitis, bronchitis, and bronchial asthma. Simultaneous analysis and development of SCRT is
essential for its stability, efficacy, and risk management. In this study, a simple, reliable, and accurate method using ultrahigh-
performance liquid chromatography (UPLC) fingerprinting with a diode array detector (DAD) was developed for the simul-
taneous analysis. *e chromatographic separation of the analytes was performed by an ACQUITY UPLC BEH C18 column
(1.7 μM, 2.1× 100mm, Waters) with a mobile phase of water containing 0.01% (v/v) phosphoric acid and acetonitrile containing
0.01% (v/v) phosphoric acid. *e flow rate and detection wavelength were set at 0.4mL/min and 215, 230, 254, and 280 nm. All
calibration curves of the thirteen components showed good linearity (R2> 0.999).*e limit of detection and limit of quantification
ranged 0.001–0.360 and 0.004–1.200 µg/mL, respectively. *e relative standard deviation (RSD) of intra- and interday was less
than 2.60%, and the recoveries were within the range 76.08–103.79% with an RSD value of 0.03–1.50%.*e results showed that the
developed method was simple, reliable, accurate, sensitive, and precise for the quantification of bioactive components of SCRT.

1. Introduction

Traditional Korean medicines, because of their high effec-
tiveness and low toxicity, have been used for thousands of
years for the prevention and treatment of various kinds of
human diseases. Various ingredients in these herbs cause the
efficacy of traditional Korean medicines, which consist of
many herbal combinations. *erefore, the consistency of the
composition and proportion of the composition are the key
to quality control in safety, efficacy, and risk management. In
general, analyzing a single marker compound is simple and
convenient, but it does not provide sufficient quantitative
information on other components in Korean medicines.
*us, over the past decade, the chromatographic finger-
printing method has been considered one of the most im-
portant and acceptable approaches for the identification and
quality evaluation of Korean medicines [1, 2]. So-Cheong-
Ryong-Tang, standardized as a Korean medicine of the
National Health Insurance, is a traditional prescription for
the treatment of allergic rhinitis, bronchitis, and bronchial

asthma [3]. Recently, SCRT was reported to show thera-
peutic effects in in vivo experiments on the respiratory
system for allergic rhinitis and asthma [3–9]. So-Cheong-
Ryong-Tang (SCRT, Xiao-Qing-Long-Tang in Chinese, Sho-
seiryu-to in Japanese) is composed of eight herbal preparations
(Ephedrae herba, Paeoniae radix, Glycyrrhizae radix, Zingiberis
rhizoma, Cinnamomi ramulus, Schisandrae fructus, Pinelliae
rhizoma, and Asiasari radix) [4–6, 8].

To optimize the quality control of SCRT, thirteen bio-
active compounds from eight herbal preparations were
chosen. Among the 13 standard compounds, ephedrine and
catechin were found in Ephedrae herba, which is known for
its efficacy as a sympathomimetic and its antiobesity effects
[10]. Albiflorin, paeoniflorin, benzoic acid, PGG, andmethyl
gallate are the major constituents of Paeoniae radix, which
has anti-inflammatory, analgesic, antispasmodic, liver pro-
tection, and immune regulatory functions [11, 12]. Liquir-
itin, Liquiritin apioside, and Glycyrrhizin from Glycyrrhizae
Radix were used, which is an effective detoxifying agent,
presenting neuroprotective effect, antiviral activity, and
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WTanti-in�ammatory, antitumor, and antibiosis e�ects [13].
6-Shogaol from Zingiberis Rhizoma was found to have various
pharmacological activities, including antioxidative, anti-
tumorigenic, and immunomodulatory e�ects, and is an
e�ective antimicrobial and antiviral agent [14]. Cinnamomi
ramulus, which includes cinnamic acid, has been found to be
able to e�ectively attenuate in�uenza virus, in�ammations,
human platelet aggregation, and arachidonic acid meta-
bolism [15] and is known for its antimicrobial activity
against [16].  e major constituent of Schisandrae fructus,
which includes schisandrin, was found to have liver protective,
hypoglycemic, antioxidant, antiaging, immune regulatory, an-
titumor, and bactericidal e�ects and plays a role in regulating the
central nervous system [17]. Pinelliae rhizoma has antitussive,
antiemetic, glandular secretion-inhibiting, and antitumor e�ects
[18]. Asiasari radix has been used as an analgesic, antitussive, or
antiallergic agent [19].

Several studies of these compounds have been developed
for qualitative and quantitative analyses using high-
performance liquid chromatography-diode array detector
(HPLC-DAD) and mass spectrometry (HPLC-ESI-MS)
[4, 5, 9]. However, these methods cannot o�er simulta-
neous analysis of the multiple bioactive compounds in
SCRT. Although an HPLC method for simultaneous de-
termination of the four marker constituents of SCRT has
been developed, there are limitations to the quantitative and
qualitative analyses of many compounds in SCRT.  erefore,

methods for simultaneously detecting these biomarkers in
SCRT are essential to ensure e�cient quality control and
pharmaceutical evaluation. In this study, it was necessary to
�nd more accurate, e�cient, and stable solvent extraction
conditions prior to simultaneous analysis. We performed
simultaneous determination of the thirteen marker
compounds.

2. Experimental Materials and Reagents

2.1. Chemicals and Reagents. Ephedrine, methyl gallate,
catechin, albi�orin, paeoni�orin, benzoic acid, liquiritin,
liquiritin apioside, 1,2,3,4,6-pentagalloyl glucose (PGG),
cinnamic acid, glycyrrhizin, schisandrin, and 6-shogaol were
purchased from Sigma-Aldrich Co. (St. Louis, MO, USA).
 e purity of all standards was >97%. Figure 1 shows the
chemical structures of the thirteen bioactive compounds.
HPLC-grade acetonitrile and methanol were purchased
from J. T. Baker Inc. (Phillipsburg, NJ, USA). Deionized
water was prepared using an ultrapure water production
apparatus (Human Corporation, Seoul, Korea). SCRT
medicines were purchased from Kyoungbang Medicinal
Herbs (Incheon, Korea).

2.2. Preparation of Standard and Sample Solutions. Standard
stock solutions of the thirteen bioactive standards—ephedrine,
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Figure 1: Chemical structures of the 13 marker compounds.
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methyl gallate, catechin, albi�orin, paeoni�orin, benzoic acid,
liquiritin, liquiritin apioside, 1,2,3,4,6-pentagalloyl glucose
(PGG), cinnamic acid, glycyrrhizin, schisandrin, and 6-sho-
gaol—were prepared by accurately weighing appropriate
amounts of reference compounds and dissolving in methanol.
 e thirteen bioactive standards were mixed in stock solutions
and then diluted serially to seven concentrations for the
construction of calibration curves. All the solutions were
stored at 4°C.

2.3. Extraction Method.  e herbal medicine prepared by
water extraction contains a water-soluble component and
some lipoid-soluble substances, and most of the high mo-
lecular weight polymers are contained in a suspended state.
It is necessary to estimate and optimize the extraction
conditions for the 13 marker components in the SCRT
sample. In this study, the liquid extraction method was
selected, and aqueous methanol (20, 50, and 80%) was tried
and examined as the extraction solvent to evaluate the
optimal extraction solvent. Second, the volume (50 and
100mL) of the extraction solvent was investigated. Finally,
extraction methods using ultrasonic or re�ux were in-
vestigated [20–22].

2.4. Preparation of Sample Solution.  e SCRT powder (2.4 g,
1 dose) was weighed precisely and extracted with 80%
methanol-water (v/v) solution in an ultrasonic water bath
for 10min at room temperature.  en, the samples were
re�uxed twice at 80°C for 30min, followed by �ltration and
making up to volume in a volumetric �ask. e samples were
centrifuged (4,000 rpm, 10min, 18°C), and the supernatant
was �ltered with a 0.2 µmmembrane �lter, prior to injection.
All working solutions and sample solutions were stored at
4°C before use.

2.5. Chromatographic Conditions by UPLC-DAD.  e si-
multaneous determination of thirteen bioactive compounds
in SCRT was performed on the UPLC-DAD system
equipped with a pump, an autosampler, and a photodiode
array detector, and the amount of data were calculated using
Empower software. Chromatographic separation was car-
ried out using an ACQUITY UPLC BEH C18 column
(1.7 μm, 2.1× 100mm,Waters), and the column temperature
was kept at 40°C.  e mobile phase consisted of (A) water
(0.01% phosphoric acid, v/v) and (B) acetonitrile (0.01%
phosphoric acid, v/v).  e gradient solvent was optimized
and performed as 98% A (0-1min), 98–84% A (1–14min),
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Figure 2: UPLC chromatograms of the (a) blank solvent, (b) standard mixture, and (c) SCRT extract.
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84–60% A (14–21min), 60–20% A (21–28min), 20% A (28-
29min), and 20–98% A (29-29.5min), at a flow rate of
0.4mL/min. *e detection wavelengths for analytes were set
at 215, 230, 254, and 280 nm, and the injection volume of
each sample was 2 μL.

2.6. Method Validation. *e method was validated for lin-
earity, limit of detection (LOD), limit of quantification
(LOQ), specificity, precision (interday, intraday, and re-
peatability), and accuracy (recovery), following the guideline
on Bioanalytical Method Validation [23–26].
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Figure 3: Efficiencies of the extraction for the nine compounds in SCRTusing different (a) extraction solvents, (b) volumes of the extraction
solvent, and (c) extraction methods.
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2.6.1. Linearity, Limits of Detection (LODs), and Limits of
Quantification (LOQs). *e standard solutions of the 13
compounds were prepared by serially diluting the stock
solution to appropriate concentrations for plotting the
calibration curves [28, 29]. *ese solutions of the 13 com-
pounds were analyzed in triplicate [28]. *e calibration
standard curve was plotted with the peak area (y-axis) versus
concentration (x-axis) for each analyte in that range [30]. All
calibration curves were required to have a correlation value

of at least 0.995. *e limit of detection (LOD) and limit of
quantification (LOQ) were determined on the basis of
signal-to-noise ratio (S/N):

LOD �
amount∗3.3

(S/N)
,

LOQ �
amount∗10

(S/N)
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Figure 4: UV spectra of the thirteen marker compounds in SCRT corresponding to the standard solution (inset).
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2.6.2. Precision, Accuracy, and Recovery. *eprecision of the
method was evaluated by both intra- and interday tests.*ree
different concentrations of each biomarker in five replicates
on the same day (intraday) and on three consecutive days
(interday) were prepared to verify the precision and accuracy
of the analytical method [30]. *e precision was expressed as
relative standard deviation (RSD, %); a value of RSD within
±15% is generally considered acceptable [28]. *e accuracy of
the assay is the closeness of the observed concentration to the
nominal concentration [31]. *e recoveries of analytes were
determined by adding different concentrations of the 13marker
components into the SCRT sample solution (2.4mg/mL). Re-
covery (%) was calculated with the following equation:

Recovery(%) �
(amount found− original amount)

amount spiked
× 100%.

(2)

3. Results and Discussion

3.1. Optimization of Chromatographic Condition. A chro-
matogram of SCRT was obtained using an UPLC-PDA [4].
Figure 2 shows typical chromatograms corresponding to the
mixed standard and SCRT. To obtain accurate, valid, and
optimal separation, theUPLC conditions were investigatedwith
regard to column, mobile phase (water-acetonitrile with dif-
ferent modifiers including acetic acid, formic acid, and phos-
phoric acid), detection wavelength (215, 230, 254, and 280nm),
and mobile-phase flow rate (0.5, 0.4, 0.3, and 0.2mL/min) [32]
*e best UPLC conditions were obtained from the ACQUITY
UPLC BEH C18 column, which had better resolution than the
others. *e gradient solvent system consisted of 0.01% phos-
phoric acid in water (A) and 0.01% phosphoric acid in ace-
tonitrile (B), at a column temperature of 40°C, with a flow rate of
0.4mL/min. Four detection wavelengths (215, 230, 254, and
280nm) were finally selected to achieve the goal of high de-
tection sensitivity and small interference because the maximum
absorption of the 13 reference compounds was different.

3.2. Optimization of the Sample Extraction Protocol. *e
extraction conditions, for example, extraction solvent,

method, and volume, can easily influence the efficiency of
the extraction. In this paper, aqueous methanol (20, 50, and
80%) was examined as the extraction solvent for SCRT by
ultrasonication for 30min [33]. Figure 3(a) shows the re-
sults, which indicate that 80% methanol was the best ex-
traction solvent. Second, the volume of solvent (50 and
100mL) was investigated, and Figure 3(b) shows the results.
*e volume of the extraction solvent was 100mL. *e ex-
traction efficiency was better at 100mL volume in low-
content compounds. Finally, Figure 3(c) shows the results
of the extraction method using ultrasound and reflux, which
indicate that the extractionmethod using reflux showed high
efficiency. In the end, the suitable extraction conditions were
as follows: the samples were extracted by reflux with 80%
methanol in a volume of 100mL.

3.3. Method Validation

3.3.1. Specificity. *e specificity was determined by com-
paring the peak purity of the 13 markers with the extracted
samples and the standard. Figure 4 shows the UV spectra of
individual marker compounds, which confirm that the peaks
are pure and there is no interference from the impurities [34].

3.3.2. Linearity, LOD, and LOQ. Table 1 summarizes the
calibration curves, LOQ, and LOD of the thirteen analytes.
*e linearity of the developed method was assessed using
seven concentrations: ephedrine, albiflorin, paeoniflorin,
benzoic acid, PGG, glycyrrhizin (0.1∼100 μg/mL), methyl
gallate, catechin, liquiritin, liquiritin apioside, cinnamic acid
(0.05∼50 μg/mL), and schisandrin (0.02∼20 μg/mL) with
correlation coefficients R2≥ 0.999. *e values of LOD and
LOQ were in the ranges of 0.001–0.360 µg/mL and
0.004–1.200 µg/mL, respectively. *e results showed that the
calibration curves were within the adequate range and
exhibited good sensitivity for the analysis of the thirteen
bioactive components [28].

3.3.3. Precision, Accuracy, and Recovery. Table 2 shows the
results of the intra- and interday precision tests. *e values
of RSD (%) for intra- and interday tests were within the

Table 1: Regression data, LODs, and LOQs for the marker compounds analyzed by UPLC.

Compound Regression equation R2 LOQ (µg/mL) LOD (µg/mL)
1 Ephedrine y� 6,569.4x− 2,539.7 0.9996 0.070 0.233
2 Methyl gallate y� 49,631x− 14,901 0.9995 0.007 0.026
3 Catechin y� 28,138x− 4,098.4 0.9992 0.008 0.029
4 Albiflorin y� 6,199.8x− 2,341.7 0.9996 0.040 0.134
5 Paeoniflorin y� 8,506.1x− 1,169.5 0.9994 0.018 0.062
6 Benzoic acid y� 30,844x− 11,922 0.9995 0.021 0.070
7 Liquiritin y� 19,772x− 3,660 0.9995 0.017 0.056
8 Liquiritin apioside y� 15,249x− 1,630.9 0.9996 0.145 0.483
9 1,2,3,4,6-Pentagalloyl glucose y� 29,863x− 17,029 0.9994 0.009 0.031
10 Cinnamic acid y� 25,479x− 5,716.6 0.9994 0.008 0.027
11 Glycyrrhizin y� 3,546.4x− 422.55 0.9994 0.073 0.244
12 Schisandrin y� 86,584x− 4,328.7 0.9995 0.001 0.004
13 6-Shogaol y� 1,025.4x+ 1,176.6 0.9988 0.360 1.200
R2 � correlation coefficient; y� peak area; x� sample concentration (µg/mL).
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Table 2: Precision (intra- and interday) and accuracy of the thirteen analytes.

Analyte
concentration
(µg/mL)

Intraday (n � 5) Interday (n � 3)
Measured amount
(mean± SD, Dg/mL) RSD (%) Accuracy (%) Measured amount

(mean± SD, Dg/mL) RSD (%) Accuracy (%)

Ephedrine
25 5.03± 0.02 0.43 100.59 4.97± 0.04 0.82 99.30
50 25.59± 0.01 0.03 102.36 25.33± 0.23 0.90 101.31
100 100.46± 0.08 0.08 100.46 100.46± 0.31 0.31 100.46

Methyl gallate
2.5 2.48± 0.04 1.49 99.36 2.51± 0.01 0.35 100.57
12.5 12.29± 0.00 0.03 98.34 12.44± 0.12 1.00 99.48
50 49.14± 0.31 0.63 98.27 50.03± 1.00 1.99 100.06

Catechin
2.5 2.53± 0.00 0.12 101.09 2.52± 0.02 0.75 100.65
12.5 12.50± 0.00 0.02 100.00 12.50± 0.00 0.02 100.02
50 49.69± 0.21 0.43 99.38 50.14± 0.48 0.96 100.28

Albiflorin
5 5.02± 0.03 0.61 100.36 5.12± 0.07 1.42 102.42
25 25.05± 0.04 0.15 100.20 25.12± 0.11 0.43 100.47
100 98.68± 0.16 0.16 98.68 99.78± 0.80 0.80 99.78

Paeoniflorin
5 5.05± 0.10 1.94 101.10 5.13± 0.04 0.73 102.62
25 25.24± 0.08 0.30 100.96 25.11± 0.27 1.07 100.44
100 101.46± 1.96 0.93 101.46 100.46± 0.15 0.15 100.46

Benzoic acid
1 1.01± 0.01 1.35 100.92 1.01± 0.02 1.61 101.28
5 5.02± 0.02 0.39 100.31 4.99± 0.04 0.80 99.80
100 96.82± 2.43 2.51 96.82 100.59± 0.28 0.28 100.59

Liquiritin
2.5 2.49± 0.01 0.57 99.64 2.44± 0.04 1.64 97.67
12.5 12.14± 0.01 0.05 97.10 12.37± 0.21 1.66 98.99
50 50.20± 0.29 0.58 100.39 50.17± 0.48 0.96 100.35

Liquiritin apioside
2.5 2.53± 0.03 1.08 101.11 2.51± 0.00 0.16 100.45
12.5 12.56± 0.00 0.02 100.48 12.51± 0.04 0.34 100.07
50 49.91± 0.36 0.72 99.81 49.95± 0.09 0.17 99.90

1,2,3,4,6-Pentagalloyl glucose
5 4.94± 0.07 1.45 98.73 5.05± 0.03 0.68 101.00
25 25.26± 0.02 0.08 101.04 25.15± 0.10 0.38 100.60
100 99.89± 0.45 0.45 99.89 100.27± 0.37 0.37 100.27

Cinnamic acid
0.5 0.50± 0.00 0.38 100.16 0.50± 0.00 0.33 99.45
12.5 12.50± 0.00 0.02 99.96 12.51± 0.02 0.13 100.06
50 50.03± 0.01 0.02 100.06 50.15± 0.19 0.38 100.31

Glycyrrhizin
5 5.03± 0.02 0.30 100.62 4.99± 0.11 2.27 99.84
25 25.04± 0.11 0.42 100.14 25.09± 0.01 0.05 100.35
100 100.63± 0.30 0.29 100.63 100.65± 0.17 0.17 100.65

Schisandrin
1 1.00± 0.00 0.11 100.03 1.00± 0.00 0.40 100.40
5 5.09± 0.00 0.01 101.83 5.04± 0.05 0.90 100.89
20 19.33± 0.42 2.17 96.64 20.12± 0.18 0.87 100.60

6-Shogaol
2 2.04± 0.04 2.00 101.93 2.05± 0.05 2.60 102.50
50 50.36± 0.04 0.09 100.71 50.27± 0.18 0.35 100.54
200 197.59± 0.09 0.05 98.79 199.67± 1.72 0.86 99.83

SD� standard deviation; RSD (%)� (SD/mean)× 100; accuracy (%)� (Cobs/Cnom)× 100.
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ranges of 0.01–2.51% and 0.02–2.60%, with accuracy from
96.82 to 102.36% and from 97.67 to 102.62%, respectively
[2]. *e results indicated that the accuracy and precision of
the proposed method were accurate and reliable for de-
termination of the thirteen compounds in the sample of
SCRT [28]. *e average recovery (%) of the 13 marker com-
pounds shows the accuracy of this analytical method. *e
recovery ranged from 76.08 to 103.79%, and the values of RSD
were in the range 0.03–1.50%. Table 3 summarizes these results;
they indicate that the proposed method enables highly accurate
simultaneous analysis of the thirteen compounds [35].

4. Discussion

Standardization and analysis of the marker compounds in
herbal medicines are necessary for safety, efficacy, and risk
management. A simple, reliable, and accurate method using

ultrahigh-performance liquid chromatography (UPLC) fin-
gerprinting with a diode array detector (DAD) was developed
for the simultaneous qualitative and quantitative analyses of
the thirteen biomarkers: ephedrine, methyl gallate, catechin,
albiflorin, paeoniflorin, benzoic acid, liquiritin, liquiritin
apioside, 1,2,3,4,6-pentagalloyl glucose (PGG), cinnamic acid,
glycyrrhizin, schisandrin, and 6-shogaol in SCRT.

To optimize the quality control of SCRT, thirteen bio-
active compounds from eight herbal preparations (Ephedrae
herba, Paeoniae radix, Glycyrrhizae radix, Zingiberis rhi-
zoma, Cinnamomi ramulus, Schisandrae fructus, Pinelliae
rhizoma, and Asiasari radix) were chosen.

However, Pinelliae rhizoma and Asiasari radix were not
detected in the SCRTextract sample. Because the contents of
bioactive compounds in herbal medicines can differ as
a function of the collection period, region, species, and prep-
aration method, or the medicine contains a concentration

Table 3: Determination of recoveries of the 13 compounds (1–13) in SCRT.

Compounds Spiked amount Measured amount Recovery (%) RSD (%)

Ephedrine
25 25.20± 0.19 100.78 0.73
50 51.86± 0.78 103.72 1.50
100 100.23± 0.59 100.23 0.59

Methyl gallate
5 4.47± 0.01 89.33 0.30

12.5 10.94± 0.04 87.53 0.33
50 45.63± 0.03 91.26 0.07

Catechin
5 4.98± 0.02 99.53 0.40

12.5 11.42± 0.09 91.39 0.76
50 45.53± 0.30 91.05 0.65

Albiflorin
5 5.15± 0.02 103.09 0.36
25 25.90± 0.11 103.59 0.42
100 98.23± 1.06 98.23 1.08

Paeoniflorin
10 10.05± 0.02 100.54 0.21
25 24.64± 0.08 98.55 0.34
100 100.97± 0.35 100.97 0.35

Benzoic acid
25 24.43± 0.09 97.70 0.39
50 47.29± 0.17 94.59 0.37
100 97.28± 0.10 97.28 0.10

Liquiritin
5 5.05± 0.05 100.93 0.91

12.5 12.54± 0.12 100.31 0.97
50 42.98± 0.22 85.96 0.52

Liquiritin apioside
5 4.94± 0.04 98.79 0.79

12.5 12.55± 0.03 100.43 0.27
50 48.99± 0.45 97.98 0.93

1,2,3,4,6-Pentagalloyl glucose
10 10.00± 0.13 99.98 1.30
50 46.89± 0.25 93.77 0.53
100 99.17± 0.56 99.17 0.56

Cinnamic acid
12.5 12.61± 0.06 100.88 0.49
25 24.70± 0.02 98.81 0.09
50 52.28± 0.22 104.57 0.42

Glycyrrhizin
25 24.13± 0.16 96.54 0.66
50 50.36± 0.14 100.72 0.27
100 102.79± 0.52 102.79 0.50

Schisandrin
1 0.98± 0.01 97.78 0.87
5 4.65± 0.04 92.93 0.77
20 17.98± 0.03 89.90 0.18

6-Shogaol
20 15.22± 0.02 76.08 0.14
100 85.23± 0.05 85.23 0.06
200 177.66± 0.05 88.83 0.03
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lower than the LOD value, further studies should be required
to perform quantification and qualification analyses, using
a standard addition method or ultrahigh-performance liquid
chromatography-tandem mass spectrometry (UPLC-MS/MS).

*e results show that all biomarker components were
detected (Figure 3), and identified based on the UV ab-
sorbance spectra (Figure 4) and retention times, by com-
parison with standard compounds.*eUPLC-DADmethod
was validated, and the results showed good linearity, LOD,
LOQ, precision, and accuracy, with RSD< 2.51%. Further-
more, the method did not interfere with other chemical
constituents in SCRT. *e results show that our method is
accurate and reliable for quantification and qualification of
the bioactive components of SCRT.

5. Conclusion

*e developed UPLC-DAD fingerprinting method for the
simultaneous determination of thirteen biomarkers in
SCRT, which include ephedrine, methyl gallate, catechin,
albiflorin, paeoniflorin, benzoic acid, liquiritin, liquiritin
apioside, PGG, cinnamic acid, glycyrrhizin, schisandrin, and
6-shogaol, proved an efficient tool for quality control and
pharmaceutical evaluation. *e results demonstrated that
the developed UPLC-DAD method is simple, reliable, ac-
curate, sensitive, and precise for quantification and quali-
fication analyses of SCRT.
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A novel clenbuterol molecularly imprinted polymer (MIP)-coated stir bar was prepared and applied to the determination of six
β-agonists in animal-derived food. Characterization and various parameters affecting adsorption and desorption behaviours were
investigated. ,e extraction capacities of clenbuterol, salbutamol, ractopamine, mabuterol, brombuterol, and terbutaline for MIP
coating were 3.8, 2.9, 3.1, 3.5, 3.2, and 3.3 times higher, respectively, than those of the NIP coating, respectively. ,e method of
MIP-coated SBSE coupled with HPLC-MS/MS was developed. ,e recoveries in pork and liver samples were 75.8–97.9% with
RSD from 2.6 to 5.3%. Limits of detection (LODs) and limits of quantification (LOQs) were 0.05–0.15 μg/kg and 0.10–0.30 μg/kg,
respectively. Good linearities were obtained for six β-agonists with correlation coefficients (R2) higher than 0.994. ,ese results
indicated the superiority of the proposed method in the analysis of β-agonists in a complex matrix.

1. Introduction

β-adrenergic agonists are a kind of chemical synthesized from
the benzyl ethanol amines. ,ese compounds have been
extensively used as growth promoters in livestock production,
with advantages of increasing the animal’s lean meat, im-
proving feed efficiency, and reducing the number of days to
market [1, 2]. Consumption of animal tissues with high
β-adrenergic agonist content by humans leads to symptoms
such asmuscle tremor, muscle pain, nausea, and dizziness and
can pose a serious threat to life [3]. Owing to illegal β-agonist
use and its potential hazardous effects on human health, some
countries have banned its use in farm animals [4]. ,e wide
variety of these compounds and their extensive use in farm
animals give rise to enormous challenges of daily supervision
and routine monitoring for the government. It is therefore
necessary to develop a validated method with characteristics
of high throughput and high sensitivity for the detection and
quantification of β-adrenergic agonists.

Recently, several analytical methods have been developed
for the determination of β-agonist drugs in foodstuffs and
animal urine [5–13]. ,e analytical methods are mainly based
on two different immune analysis techniques [6, 7, 9, 11] and
on the chromatographic technique [5, 8, 10, 12, 13]; both have
advantages and drawbacks. Immune analysis techniques such
as enzyme-linked immunosorbent assay (ELISA) exhibit the
features of rapid and simple analysis but come with draw-
backs of giving rise to false positives. Chromatographic
techniques such as HPLC, GC-MS, and LC-MS/MS require
expensive instrumentation and cumbersome sample pre-
treatments but have advantages of high accuracy and sensi-
tivity. High-performance liquid chromatography-mass
spectrometry/mass spectrometry (HPLC-MS/MS) is a feasi-
ble method that is commonly used due to its advantages such
as sensitivity and accuracy [14]. For all mass spectrometry
analytical procedures, the sample matrix effect is a major
problem that influences the accuracy and precision of the
testing results [15, 16]. ,erefore, sample preparation is
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important and crucial, occupying nearly seventy percent of
the total analysis time.

Research into sample preparation techniques has become
a frontier of modern analytical chemistry, motivated by the
demand for preparation methods with advantages of reduced
or eliminated solvent, high selectivity, simplicity, speed, and so
on. Traditional techniques such as liquid-liquid extraction
(LLE) [17, 18], immune-affinity chromatography [19], and
solid-phase extraction (SPE) [20, 21] are time-consuming and
labour-intensive.,e advanced and nonexhaustive techniques
such as SPME (solid-phase microextraction) are solvent-free
sample preparation techniques and combine sampling, ana-
lyte enrichment, and purification into one step, therefore
substantially reducing the cost and total time of analysis [22].
,e SPME contains various extraction concepts such as
stirrers, vessels, coated fibres, and membranes [23]. Among
these techniques, stir bar sorptive extraction (SBSE), first
introduced in 1999 by Baltussenetal [24], is an environ-
mentally friendly sample preparation technique using a stir
bar coated with polydimethylsiloxane (PDMS). However,
SBSE with a PDMS-coated stir bar shows low selectivity and
specificity for target analyte and is only suitable for the analysis
of nonpolar and weakly polar compounds [25]. Molecularly
imprinted polymer (MIP) coatings for SBSE were proposed to
solve the problem of polar molecules and selectivity. MIPs are
prepared by copolymerization of functional monomers and
cross-linkers in the presence of template molecules (target
analytes). Extraction of the template molecules leaves the
recognition sites in the polymers with specific size, shape,
and functional group complementarity to the original print
molecule [26].,us,MIPs show selective recognition and high
affinity to the template molecule and its structurally related
compounds [27]. Moreover, the imprinted polymers are ro-
bust, stable, and resistant to a wide range of pH, temperature,
and solvents [28, 29]. ,e MIP-SBSE technology that com-
bines MIP with SBSE plays an important role in the aspects of
removing or decreasing sample matrix effect. ,e combina-
tion ofMIP-SBSE technology with liquid chromatography has
also been reported [30–38]. However, the combination of
MIP-SBSE technology with liquid chromatography-tandem
mass spectrometry has been rarely reported.

,e aim of this present work was to prepare an MIP
coating on the glass stir bar and apply it to the selective SBSE
of clenbuterol and its analogue compounds.,e preparation
parameters and extraction conditions, which affected the
extraction performance of the stir bar, were studied in detail.
,e extraction capacity and selectivity of the clenbuterol
MIP-coated stir bar were also evaluated. ,en, a method of
determination of structural-related β-agonists by MIP-SBSE
followed by HPLC-MS/MS was developed. ,e proposed
method was successfully applied to the analysis of β-agonists
in animal-derived food.

2. Experimental Section

2.1. Reagents and Standards. Clenbuterol, salbutamol, ractop-
amine, mabuterol, brombuterol, and terbutaline were pur-
chased from Dr. Ehrenstorfer GmbH (Augsburg, Germany).
,e functional monomer methacrylic acid (MAA) and the

free radical initiator azoisobutyronitrile (AIBN) were supplied
by Qiangsheng Chemical Co. Ltd. (Jiangsu, China).,e cross-
linking agent ethylene glycol dimethacrylate (EGDMA) was
supplied by Aladdin Industrial Co. (Shanghai, China). ,e
silane coupling agent KH-570 was purchased from Sinopharm
Chemical Reagent Co. Ltd. (Shanghai, China). HPLC-grade
methanol, toluene, and acetonitrile were purchased from
Merck (Darmstadt, Germany). Water for HPLC-MS/MS was
purified using a Milli-Q water purification system (Millipore,
USA). Glass capillary (2 mm diameter, 100 mm length)
was obtained from Guangzhou Fine Packaging Equip-
ment Co., Ltd.

2.2. Apparatus. ,e coating surface of the stir bar was
characterized by a VEGA3 scanning electron microscope
(TESCAN, Czech Republic), and the composition of the
coating was investigated using a Fourier transform infrared
(FT-IR) spectrometer (Nicolet iS5, ,ermo, USA). Mea-
surements were taken using a TSQ Quantum Ultra triple
quadrupole mass spectrometer (,ermo, USA) equipped
with an electrospray ion source and coupled with an Accela
liquid chromatography (,ermo, USA), equipped with
a Hypersil GOLD (100mm× 2.1mm i. d., 3 μm) column.

2.3. HPLC-MS/MS Conditions. ,e mobile phase consisted
of mobile phase A (0.1% formic acid in water) and mobile
phase B (acetonitrile) at the flow rate of 0.3mL·min−1 using
a gradient elution program. ,e solvents were degassed by
an in-line vacuum degasser. ,e gradient conditions were as
follows: initial time, 10% B; 1min, 40% B; 3min, 95% B;
5min, 100% B, 5.1min, 10% B; and re-equilibration to 7min.
,e column was kept at 35°C. ,e injection volume was
10 μL.

,e compound was ionized in an electrospray ionization
(ESI) instrument operated in positive mode. Capillary
voltage was set at 3.5 kV. ,e sheath gas and aux gas were
nitrogen at the pressures of 45 and 10 arb, respectively. ,e
collision gas was argon at the vacuum pressure of 1.5mTorr.
Desolvation and source temperatures were set at 300°C and
350°C, respectively. To ensure high specificity and sensitivity,
two or three of the most abundant precursor→ fragment ion
transitions (selected reaction monitoring, SRM) were ob-
served for each analyte. SRM transitions, collision energies,
and fragmentor for each analyte are given in Table S1.

2.4. StirBarPreparation. ,e glass capillary (2mmdiameter,
100mm length) was cut into 20mm long substrate. ,en,
a 16mm iron rod was inserted in the substrate, and both of
its ends were sealed by flame to generate a stir bar
(20mm× 2mm). ,e pretreatment of the stir bar was car-
ried out by successively placing it into 1mol/L sodium
hydroxide for 10 h and 0.1mol/L hydrochloric acid for 1 h.
,en, the stir bar was dried in an oven at 150°C for 1 h and
immersed in a 30% (v/v) KH-570 solution in acetone for 3 h.
,en, it was pulled out and cleaned with methanol.

Approximately 139.0mg clenbuterol and 0.20mL MAA
were dissolved in 5mL acetonitrile. ,e solution was mixed
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thoroughly and incubated overnight at room temperature.
,en, 1.60mL EGDMA and 20.0mg AIBN were added, and
the mixture was degassed by an ultrasonic device for 5min.
,en, a silylated stir bar was inserted into a glass tube, and
0.4mL of solution was transferred into the tube. ,e glass
tube was purged with nitrogen for 3min and sealed by flame.
,e polymerization was accomplished in a water bath at
70°C for 24 h.,e coating procedure was repeated two times.
,en, the stir bar was pulled out by peeling off the outside
glass tube and washed with 10% (v/v) acetic solution in
methanol to remove the template molecules. ,e nonim-
printed polymer-coated stir bar was prepared under the
same conditions but without the addition of template
clenbuterol in the synthesis.

2.5. Extraction Experiment. A round-bottom flask was used
to conduct an extraction experiment in order to reduce the
wear of the stir bar. ,e schematic diagram for the exper-
iment is shown in Figure S1. ,e stir bar was immersed in
solution and stirred at 500 rpm for 60min at room tem-
perature. Subsequently, the stir bar was removed from the
sample solution, inserted in a 200 μL glass vial with a conical
insert, and desorbed with 100 μL 10% (v/v) acid in water
solution by an ultrasonic bath for 10min. ,en, 10 μL de-
sorption solution was injected into HPLC-MS/MS for
analysis.

2.6. Sample Preparation. Samples of pork and liver were
purchased from a local supermarket. A total of 2.0 g of each
homogenized sample was spiked with β-agonist mixed
standard solution. ,e spiked sample was extracted with
10mL 2% (v/v) trichloroacetic acid solution in an ultrasonic
bath for 10min. ,e extraction procedure was repeated
twice. ,e combined extracted solution was centrifuged at
5000 rpm for 5min, and the pH of the supernatant was
adjusted to 9-10 by 1mol/L sodium hydroxide. ,en, the
solution was centrifuged again, and the supernatant was
transferred to another Teflon centrifugal tube and extracted
by 10mL isopropyl alcohol/ethyl acetate (60 : 40, v/v) two
times. ,e organic layers were combined and dried with
nitrogen steam. ,en, 5mL toluene was added to dissolve
the residual for SBSE.

3. Results and Discussion

3.1. Preparation of the Stir Bar. ,e pretreatment and sila-
nization of the glass bar were carried out to immobilize the
MIP coatings on the bar. Soaking of the glass bar in alkaline
solution is performed in order to expose the maximum
number of silanol groups on the surface to promote sily-
lation with the silane coupling agent. ,us, double bonds
were present in the molecular structure, forming an active
site for the MIP coating. After the overnight self-assembled
polymerization of the template molecule and functional
monomer through intermolecular hydrogen bonding in-
teractions, the cross-linking agent and initiator were added
to the prepolymerization solution, and thus, robust coatings
were formed on the glass bar through thermal initiation

polymerization. ,en, the cavity structure with high selec-
tivity for a target molecule was formed after eluting the
template molecule by breaking the hydrogen bonding in-
teraction between the functional monomer and template.
,e preparation schematic is illustrated in Figure 1.

,e experimental parameters of MIP coating prepa-
ration such as the polymerization reagents and their
proportion, temperature, and time were optimized. ,e
experiment finally confirmed that the optimum mole ratio
of template (clenbuterol), functional monomer (MAA),
and cross-linker (EGDMA) was 1 : 4 : 16.,e coatings of the
MIP-coated stir bars prepared under optimum conditions
were uniform and compact with a certain thickness (as
shown in Figure S2).

3.2. Characterization of MIP Coatings. ,e morphological
structure of the stir bar coating surface was characterized by
scanning electron microscopy. Figure 2 shows the surface
structure of NIP coatings and MIP coatings under the
magnification of 200x and 5000x. It is obvious that both MIP
coatings and NIP coatings show homogeneous surfaces
(Figures 2(a) and 2(c)), whereas the MIP coating exhibited
a more porous structure than the NIP coating (Figures 2(b)
and 2(d)). ,is is because the porous surface of the MIP
coatings was more beneficial for analyte adsorption and
desorption.

,e molecular type and structure of the stir bar coatings
were investigated by infrared spectroscopy. As shown in
Figure 3, the absorption peaks of the NIP coating (Figure 3(b)),
MIP coating before eluting template (Figure 3(c)), andMIP
coating after eluting template (Figure 3(d)) show no obvious
differences except for the peak at 1520 cm−1, which was only
present in the spectra of template (Figure 3(a)) and MIP
coating before eluting template (Figure 3(c)). ,e absorp-
tion peak at 1520 cm−1 was derived from a C�C stretching
vibration in the benzene ring of the template (clenbuterol).
,erefore, it was reasonable to conclude that the template
(clenbuterol) did not participate in the polymerization but
only interacted with the functional monomer by hydrogen
bonding.

3.3. Investigation of the Extraction Capability and Selectivity

3.3.1. Extraction Capability. ,e adsorption capacity of the
MIP-coated stir bar was studied with various clenbuterol
standard solutions in toluene through static adsorption
experiments. ,e NIP-coated stir bar was used for com-
parison. ,e extraction solution volume was 5mL. ,e
extraction time and desorption time were 60 and 10min,
respectively. As shown in Figure 4, the extraction amount of
both the MIP-coated stir bar and NIP-coated stir bar in-
creased with increasing clenbuterol concentration in the
1.0–60.0 μg/L range, and the extraction amounts were bal-
anced over the concentration of 35.0 μg/L. ,e saturated
adsorption amounts of the MIP coating and NIP coating
were 67.0 and 17.8 ng, respectively. ,e adsorption amount
of theMIP coating was approximately 3.76 times higher than
that of the NIP coating. ,e excellent adsorption capacity of
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WTthe MIP coating could be attributed to the molecular im-
printing function of the clenbuterol template. ,e cavities of
the MIP coating have a special affinity to the template, while
no such cavities were present in the NIP coating that in-
teracts with the template by nonspecific sorption only.

3.3.2. Selectivity Evaluation. Clenbuterol and its structural
analogues including ractopamine, salbutamol, mabuterol,
terbutaline, and brombuterol were applied to extraction
evaluation. Two reference compounds, namely, benzyl-
alcohol and acrylamide, were used for comparison. All
analytes were prepared individually with toluene to avoid
competitive adsorption. ,e concentrations of all analytes
were 10 μg/L, and the extraction time was 60min. As shown
in Figure 5, the extraction amounts of the MIP coatings for
clenbuterol, salbutamol, ractopamine, mabuterol, terbuta-
line, and brombuterol were 3.8, 2.9, 3.1, 3.5, 3.3, and 3.2
times higher, respectively, than those of the NIP coatings. By
contrast, there was hardly any sorption of both kinds of
coatings for benzyl-alcohol and acrylamide, which show
different characteristics and structure. ,e selectivity of the
MIP coating was closely related to the shape and size of the
cavity, and the strength of interaction between the target
molecules and the binding sites [39]. ,e steric shape
complementary between the analytes and the recognition
sites of MIPs plays a key role in the molecular recognition
process. As a result, the MIP-coated stir bars exhibited

higher selectivity toward the template of clenbuterol than its
structural analogues. ,e analogues of salbutamol, mabu-
terol, terbutaline, and brombuterol with molecular shape
and size similar to the template showed better imprinted
effect than ractopamine, which had a little different molecular
structure and functional groups. ,e reference compounds of
benzyl-alcohol and acrylamide with less similarity with the
template could hardly be extracted by both coatings.

3.4. Investigation of SBSE Conditions. To optimize the SBSE
conditions, factors that affected the extraction results, such
as solvent, time, stirring speed, and temperature, were also
investigated in this work. ,e clenbuterol template was
dissolved in the acetone, chloroform, acetonitrile, methanol,
and toluene solvents to prepare individual solutions with
a concentration of 10 μg/L. ,e effect of extraction solvents
on the extraction capacity was investigated. As shown in
Figure S3, the maximum extraction amount was attained in
the case of toluene solvent. ,e above results indicate that
the primary driving forces behind the rebinding process,
namely, the hydrophobic interaction and hydrogen bonding,
were strongly related to the polarity of the extraction sol-
vents. ,e hydrogen bonding was liable to be formed in
noncovalently imprinted polymers, and higher adsorptive
capacity was obtained in the solvents with weaker polarity.
,us, the matrix effect of water should be removed, which
influenced the absorption efficiency of MIP-coated stir bars.
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�e water, methanol, methanol-acetic acid (9 :1, v/v), and
water-acetic acid (9 :1, v/v) solvents were selected for the
investigation of the solvent e�ect on the desorption. �e

desorbed amounts were 26.5, 25.6, 27.5, and 30.5 ng, re-
spectively.�erefore, water-acetic acid (9 :1, v/v) was chosen
as the best desorption solvent.

�e extraction and desorption amounts increased with
increasing time, and the times atwhich each reached equilibrium
were 60min and 10min, respectively (Figures S4 and S5).

(a) (b)

(c) (d)

Figure 2: Scanning electron micrographs of (a) MIP-coated stir bar with the magni�cations of 200x; (b) MIP-coated stir bar with the
magni�cations of 5000x; (c) NIP-coated stir bar with the magni�cations of 200x; (d) NIP-coated stir bar with the magni�cations of 5000x.
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,erefore, 60min and 10min were adopted for extraction
and desorption procedures.

,e stirring speed varying from 0 to 800 rpm was in-
vestigated. ,e results indicate that the extraction amounts
increased with the stirring speed and the maximum ex-
traction amount was obtained at 300 rpm. Beyond 300 rpm,
no obvious increase was attained. ,us, 300 rpm was chosen
as the optimal stirring speed. In addition, the change in the
extraction temperature exerted no obvious influence on the
extraction amounts. For convenience, the adsorption ex-
periments were carried out at room temperature.

3.5. Durability Investigation. To investigate the stability of
the coating, the MIP-coated stir bar was immersed into
conventional organic solvents, such as toluene, acetonitrile,
methanol, n-hexane, ethanol, chloroform, ethyl acetate,
dimethylsulfoxide, and tetrahydrofuran. After stirring for
24 h, no decomposition and exfoliation were obtained, in-
dicating that the coatings of MIP-coated stir bar possessed
excellent antisolvent fastness properties.,eMIP-coated stir

bar could be reused after the analyte was removed by
methanol-acetic acid (9 :1, v/v). As the extraction was
performed in a round-bottom flask instead of a flat-bottom
bottle, the wearing of the stir bar during the stirring has been
dramatically reduced. ,e coating was kept intact, and no
decrease in the extraction efficiency was obtained after ex-
traction for 60 times.

3.6. Method Validation. Assay of clenbuterol and its
structural analogues by MIP-coated SBSE coupled with
HPLC-MS/MS was performed. ,e blank pork and liver
samples were spiked with six β-agonists and taken for
analysis. ,e linear dynamic ranges, correlation coefficients,
recoveries, LODs, LOQs, and reproducibility under the
optimized experimental conditions are listed in Table 1. ,e
linear range was determined to be 0.50–35 μg/kg for clen-
buterol and 1.0–35 μg/kg for ractopamine, mabuterol,
brombuterol, or terbutaline. Good linearity was obtained for
six β-agonists with correlation coefficients (R2) higher than
0.994. ,e limits of detection (LODs, signal-to-noise ratio
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Figure 5: Extraction amount of clenbuterol and its structural analogues and reference compounds with MIP and NIP.

Table 1: Linear dynamic range, correlation coefficients, LODs and LOQs, average recoveries, and interday and intraday precisions achieved
for the six β-agonists.

Compounds Linear range
(μg/L) R2 LODa

(μg/L) LOQb (μg/L)
Recovery (%)

Interday assayc

(RSD %, n � 5)
Intraday assayc

(RSD %, n � 5)Spiked level
(μg/kg) Pork Liver

Clenbuterol 0.5–35 0.9991 0.05 0.10 1.0 85.0 87.2 3.9 4.25.0 86.5 97.9

Salbutamol 1–35 0.9981 0.10 0.25 1.0 85.3 84.5 4.5 5.15.0 76.5 88.2

Ractopamine 1–35 0.9952 0.15 0.35 1.0 75.8 80.2 5.1 5.35.0 83.6 72.6

Mabuterol 1–35 0.9978 0.10 0.25 1.0 81.2 80.8 4.4 2.65.0 85.3 84.9

Brombuterol 1–35 0.9936 0.10 0.25 1.0 84.5 82.6 4.6 3.85.0 85.8 85.6

Terbutaline 1–35 0.9957 0.15 0.30 1.0 84.3 83.1 4.9 4.15.0 85.4 85.2
aS/N� 3; bS/N� 10; cassays at 5.0 μg/kg level.
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equal to 3) and limits of quantification (LOQs, signal-to-
noise ratio equal to 10) were in the ranges of 0.05–0.15 μg/kg
and 0.10–0.30 μg/kg, respectively. ,e recoveries for the
spiked pork and liver samples ranged from 75.8% to 97.9%.
,e RSD for intraday and interday assays of six β-agonists
varied from 2.6 to 5.3% (n � 5).

3.7. Application of the MIP-Coated Stir Bar. To validate the
selectivity of the method for assay of complex sample matrix,
the blank pork samples were spiked with six β-agonists at

LOD level and 5.0 μg/kg. Furthermore, the real sample
collected from the local market was analyzed by the pro-
posed method. ,e multiple reaction monitoring (MRM)
chromatograms showing the transitions corresponding to
the quantifier ions of six β-agonists are depicted in Figure 6.
β-Agonists could not be quantitatively assayed in the blank
pork sample (Figure 6(a)). However, the six β-agonists were
accurately analyzed based onMIP-SBSE (Figure 6(b)). Using
the MIP-coated stir bar, the matrix interference has been
largely eliminated. As shown in Figure 6(c), the peak at the
retention time of 2.33min was detected in the channel ofm/z

Table 2: Comparison of the proposedmethod based onMIP-SBSE with other analytical methods for the determination of β-agonists in pork
sample.

Sample pretreatment Analytical method Target analyte
number Matrix Recovery (%) Precision RSD (%) LOD (μg/kg) References

MIP-SBSE HPLC 3 Pork 83.7–92.3 2.9–8.1 0.10–0.21 [40]
SPE GC-MS 4 Pork 75.5–89.6 2.5–4.2 0.4–0.7 [41]
SPE UPLC-MS/MS 4 Pork 65.5–109.1 6.6–15.4 0.1 [42]
QuEChERS LC-MS/MS 10 Meat 73.7–103.5 2.7–15.3 0.2–0.9 [43]
SPE HPLC-MS/MS 3 Pork 79.25–112.82 7.14%–17.80 0.13–0.15 [44]
MIP-SBSE HPLC-MS/MS 6 Pork 75.8–97.9 2.6–5.3 0.05–0.15 ,is work
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Figure 6: Multiple reaction monitoring (MRM) chromatograms showing the transitions corresponding to the quantifier ions of six
β-agonists. (a) ,e blank pork sample; (b) the pork sample spiked with each β-agonist at LOD level; (c) the real pork sample; (d) the pork
sample spiked with each β-agonist at 5.0 μg/kg.
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277.0/203.1, suggesting that clenbuterol might exist in the
pork sample. ,e extracts were subjected to further analysis
using accurate mass AB Sciex Triple Quad 5500 LC/MS/MS
in MS/MS/MS scan mode, and the content of clenbuterol in
the positive pork sample was determined to be 1.31 μg/kg.
,e analysis of the pork sample spiked with each β-agonist at
5.0 μg/kg is shown in Figure 6(d). ,e appearance time for
the six β-agonists was within 3min, and the total analysis
time for each specimen was only 5min. ,e performance
comparison of the proposed method based on MIP-SBSE
and other analytical methods for the determination of
β-agonists is shown in Table 2. Our work was advantageous
in terms of detection throughput, sensitivity, robustness, and
reproducibility. ,e proposed method has been successfully
applied to the determination of trace β-agonists in foodstuff
of animal origin with improved enrichment ratio of target
analytes and reduced sample matrix effect.

4. Conclusions

A new clenbuterol MIP-coated stir bar for the assay of
β-agonists with similar structures was constructed. ,e new
coatings possessed homogeneous and porous morphology
and exhibited excellent extraction capability and selectivity
for six β-agonists. ,e MIP-coated SBSE coupled with
HPLC-MS/MS has been successfully applied to the analysis
of pork and liver samples spiked with β-agonists, and the
recoveries ranged from 75.8 to 97.9%. In comparison with
other analytical methods, our work possesses significant
advantages of high throughput, high sensitivity, high effi-
ciency, and low detection limit. ,e approach described
herein may be extended to the preparation of a series of
selective MIP-coated stir bars with appropriate template
molecules for complex sample analysis.

Conflicts of Interest

,e authors declare that they have no conflicts of interest.

Acknowledgments

,e authors are grateful for the financial support from the
National Natural Science Foundation of China (21375150)
and the Project of Innovation-driven Plan in Administration
of Quality and Technology Supervision of Hunan Province
(2015KYJH07).

References

[1] P. Guggenbuhl, “Evaluation of β2-adrenergic agonists
repartitioning effects in the rat by a non-destructive method,”
Journal of Animal Physiology and Animal Nutrition, vol. 75,
no. 1–5, pp. 31–39, 2010.

[2] B. J. Johnson, S. B. Smith, and K. Y. Chung, “Historical
overview of the effect of beta-adrenergic agonists on beef
cattle production,” Asian-Australasian Journal of Animal
Sciences, vol. 27, no. 5, pp. 757–766, 2014.

[3] G. Brambilla, T. Cenci, F. Franconi et al., “Clinical and
pharmacological profile in a clenbuterol epidemic poisoning
of contaminated beef meat in Italy,” Toxicology Letters,
vol. 114, no. 1–3, pp. 47–53, 2000.

[4] J. Barbosa, C. Cruz, J. Martins et al., “Food poisoning by
clenbuterol in Portugal,” Food Additives and Contaminants,
vol. 22, no. 6, pp. 563–566, 2005.

[5] L. Beucher, G. Dervilly-Pinel, S. Prévost, F. Monteau, and
B. Le Bizec, “Determination of a large set of beta-adrenergic
agonists in animal matrices based on ion mobility and mass
separations,” Analytical Chemistry, vol. 87, no. 18, pp. 9234–
9242, 2015.

[6] A. D. Cooper and M. J. Shepherd, “Evaluation of a novel
immunoaffinity phase for the purification of cattle liver ex-
tracts prior to high-performance liquid chromatographic
determination of β-agonists,” Food and Agricultural Immu-
nology, vol. 8, no. 3, pp. 205–213, 1996.

[7] D. Jiang, B. Cao, M. Wang et al., “Development of a highly
sensitive and specific monoclonal antibody based enzyme-
linked immunosorbent assay for the detection of a new beta-
agonist, phenylethanolamine A, in food samples,” Journal of
the Science of Food and Agriculture, vol. 97, no. 3, pp. 1001–
1009, 2017.

[8] H. Liu, N. Gan, Y. Chen et al., “Novel method for the rapid
and specific extraction of multiple β2-agonist residues in food
by tailor-made Monolith-MIPs extraction disks and detection
by gas chromatography with mass spectrometry,” Journal of
Separation Science, vol. 39, no. 18, pp. 3578–3585, 2016.

[9] M. Z. Zhang, M.-Z. Wang, Z.-L. Chen et al., “Development of
a colloidal gold-based lateral-flow immunoassay for the rapid
simultaneous detection of clenbuterol and ractopamine in
swine urine,”Analytical and Bioanalytical Chemistry, vol. 395,
no. 8, pp. 2591–2599, 2009.

[10] Y. Zhu, S. Xie, D. Chen et al., “Targeted analysis and de-
termination of beta-agonists, hormones, glucocorticoid and
psychiatric drugs in feed by liquid chromatography with
electrospray ionization tandem mass spectrometry,” Journal
of Separation Science, vol. 39, no. 13, pp. 2584–2594, 2016.

[11] H. Du, Y. Chu, H. Yang et al., “Sensitive and specific detection
of a new β-agonist brombuterol in tissue and feed samples by
a competitive polyclonal antibody based ELISA,” Analytical
Methods, vol. 8, no. 17, pp. 3578–3586, 2016.

[12] H. Liu, X. Lin, T. Lin, Y. Zhang, Y. Luo, and Q. Li, “Magnetic
molecularly imprinted polymers for the determination of
β-agonist residues in milk by ultra high performance liquid
chromatography with tandem mass spectrometry,” Journal of
Separation Science, vol. 39, no. 18, pp. 3594–3601, 2016.

[13] Z. Zhang, H. Yan, F. Cui et al., “Analysis of multiple β-agonist
and β-blocker residues in porcine muscle using improved
QuEChERS Method and UHPLC-LTQ Qrbitrap mass

152 Modern Chromatography

__________________________ WORLD TECHNOLOGIES __________________________

http://downloads.hindawi.com/journals/jamc/2018/9053561.f1.pdf


WT

spectrometry,” Food Analytical Methods, vol. 9, no. 4,
pp. 915–924, 2016.

[14] X. Wang, Y. Liu, Y. Su et al., “High-throughput screening and
confirmation of 22 banned veterinary drugs in feedstuffs using
LC-MS/MS and high-resolution Orbitrap mass spectrome-
try,” Journal of Agricultural and Food Chemistry, vol. 62, no. 2,
pp. 516–527, 2014.

[15] L. Couchman and P. E. Morgan, “LC-MS in analytical toxi-
cology: some practical considerations,” Biomedical Chroma-
tography, vol. 25, no. 1-2, pp. 100–123, 2011.

[16] M. Nakamura, “Analyses of benzodiazepines and their me-
tabolites in various biological matrices by LC-MS(/MS),”
Biomedical Chromatography, vol. 25, no. 12, pp. 1283–1307,
2011.

[17] M. K. Henze, G. Opfermann, H. Spahn-Langguth, and
W. Schänzer, “Screening of β-2 agonists and confirmation of
fenoterol, orciprenaline, reproterol and terbutaline with gas
chromatography-mass spectrometry as tetrahydroisoquino-
line derivatives,” Journal of Chromatography B: Biomedical
Sciences and Applications, vol. 751, no. 1, pp. 93–105, 2001.

[18] K. Sharafi, N. Fattahi, A. Hossein Mahvi, M. Pirsaheb,
N. Azizzadeh, and M. Noori, “Trace analysis of some
organophosphorus pesticides in rice samples using ultrasound-
assisted dispersive liquid-liquid microextraction and high-
performance liquid chromatography,” Journal of Separation
Science, vol. 38, no. 6, pp. 1010–1016, 2015.

[19] L. Hermida, R. Rodrı́guez, L. Lazo et al., “A recombinant
envelope protein from Dengue virus purified by IMAC is
bioequivalent with its immune-affinity chromatography pu-
rified counterpart,” Journal of Biotechnology, vol. 94, no. 2,
pp. 213–216, 2002.

[20] Y. Cai, G. Jiang, J. Liu, and Q. Zhou, “Multiwalled carbon
nanotubes as a solid-phase extraction adsorbent for the de-
termination of bisphenol A, 4-n-nonylphenol, and 4-tert-
octylphenol,” Analytical Chemistry, vol. 75, no. 10, pp. 2517–
2521, 2003.

[21] M. E. Lindsey, T. M. Meyer, and E. M. ,urman, “Analysis of
trace levels of sulfonamide and tetracycline antimicrobials in
groundwater and surface water using solid-phase extraction
and liquid chromatography/mass spectrometry,” Analytical
Chemistry, vol. 73, no. 19, pp. 4640–4646, 2001.

[22] W. M. Mullett, A. Paul Martin, and J. Pawliszyn, “In-tube
molecularly imprinted polymer solid-phase microextraction
for the selective determination of propranolol,” Analytical
Chemistry, vol. 73, no. 11, pp. 2383–2389, 2001.

[23] G. Ouyang, D. Vuckovic, and J. Pawliszyn, “Nondestructive
sampling of living systems using in vivo solid-phase micro-
extraction,” Chemical Reviews, vol. 111, no. 4, pp. 2784–2814,
2011.

[24] E. Baltussen, P. Sandra, F. David, and C. Cramers, “Stir bar
sorptive extraction (SBSE), a novel extraction technique for
aqueous samples: theory and principles,” Journal of Micro-
column Separations, vol. 11, no. 10, pp. 737–747, 2015.

[25] M. Kawaguchi, R. Ito, K. Saito, and H. Nakazawa, “Novel stir
bar sorptive extraction methods for environmental and
biomedical analysis,” Journal of Pharmaceutical and Bio-
medical Analysis, vol. 40, no. 3, pp. 500–508, 2006.

[26] Y. Xia, J. E. McGuffey, S. Bhattacharyya et al., “Analysis of the
tobacco-specific nitrosamine 4-(methylnitrosamino)-1-(3-
pyridyl)-1-butanol in urine by extraction on a molecularly
imprinted polymer column and liquid chromatography/
atmospheric pressure ionization tandem mass spectrome-
try,” Analytical Chemistry, vol. 77, no. 23, pp. 7639–7645,
2005.
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Two quantitative methods (−ESI full scan and −ESI PRM MS) were developed to analyze ginsenosides in ginseng stem-leaf by
using UPLC-Q-Exactive Orbitrap/MS. Bymeans of −ESI PRMMSmethod, the contents of eighteen ginsenosides in Asian ginseng
stem-leaf (ASGSL) and American ginseng stem-leaf (AMGSL) were analyzed.,e principal component analysis (PCA)model was
built to discriminate Asian ginseng stem-leaf (ASGSL) from American ginseng stem-leaf (AMGSL) based on −ESI PRMMS data,
and six ginsenosides (F11, Rf, R2, F1, Rb1, and Rb3) were obtained as the markers. To further explore the differences between
cultivated ginseng stem-leaf and forest ginseng stem-leaf, the partial least squares-discriminant analysis (PLS-DA)model was built
based on −ESI full scan data. And twenty-six markers were selected to discriminate cultivated ginseng stem-leaf (CGSL) from
forest ginseng stem-leaf (FGSL). ,is study provides reliable and effective methods to quantify and discriminate among different
types of ginseng stem-leaf in the commercial market.

1. Introduction

Asian ginseng (Panax ginseng C. A. Meyer) and American
ginseng (P. quinquefolium L.) are two different medicinal
herbs highly valued all over the world [1–4]. Asian ginseng
(ASG) has been used to cure various diseases for thousands
of years in Asian countries [5]. Recently, American ginseng
(AMG) has also been well known in Asian countries be-
cause of its therapeutic functions [2]. ,ese two related and
similar-looking functional herbs, however, show certain
differences in their biological activities and pharmacological
effects. ,e root of Panax genus is the most commonly used
part of the plant. And the stem-leaf is attracting more and
more attention because of its similar pharmacological ac-
tivities to the root [6, 7]. ,e quality and chemical com-
position of ginseng vary widely depending on the species,
variety, geographical origin, cultivation method, environ-
ment, and harvesting time [8]. According to the cultivation

environment, ASG could be divided into cultivated ginseng
(CG) and forest ginseng (FG). ,e former is cultivated in
artificial conditions and grown for 3–7 years, while the latter
is produced by sowing seeds in forest and grown in natural
environment for over 10 years. In the commercial market,
the specifications and grades of commercial products are
numerous, and the prices fluctuate widely with the types of
ginseng. Since there is no practical criterion for differenti-
ating different CG, FG, and AMG, it is valuable to find
analytical markers and provide methods for discriminating
different types of ginseng. Much effort has been devoted to
the quantitative and qualitative analysis of ginseng roots
which are cultivated in different areas and ages [9]. However,
little is known about the difference of stem-leaf in chemical
compositions between different types of Panax genus.

Ginsenosides are the major pharmacologically active
constituents of Panax genus [10, 11]. ,ey are considered to be
responsible for the activities of antioxidant, anti-inflammatory,
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antiapoptotic, and immunostimulant properties of ginseng
[12, 13]. More than 70 ginsenosides have been isolated
and identified in Panax genus [14]. Few analytical me-
thods, including high-performance liquid chromatography
(HPLC) [15], have been developed to exclusively determine
ginsenosides in stem-leaf. However, in most of these
methods, ginsenosides in minor or trace amounts cannot be
detected due to the limited resolution and sensitivity of the
detectors. Comparing with HPLC, LC-electrospray-mass
spectrometry (ESI-MS) can achieve much higher sensitiv-
ity and selectivity and quantify chemical markers in the
complex matrixes with only a small amount of sample.
Q-Exactive Orbitrap mass spectrometry, with extremely
high resolution, sensitivity, and mass accuracy, is a powerful
technique for the detection of ginsenosides, especially for
those in minor amounts [16, 17]. It provides multiple
scan modes, including ESI parallel reaction monitoring
(PRM) and ESI full scan MS, which are efficient for the

quantification of ginsenosides [18]. Compared with the full
scan mode, the PRM mode shows better sensitivity and
selectivity without establishing the baseline chromato-
graphic separation of target analytes, but the PRM mode
only can be carried out by using standards to achieve ac-
curate quantification. Ginsenosides could be detected in
both positive and negative ion modes [19]. ,eir ionization
efficiency and limit of detection are different in each mode.
,erefore, it is necessary to evaluate the quantitative per-
formance using PRM in both positive and negative ion
modes.

LC-ESI-MS combined with multivariate statistical
analysis has been widely applied for the systematic identi-
fication and quantification of all metabolites in a given
organism or biological sample in the study of metabolomics
[9, 20]. ,e enhanced resolution provided by mass spec-
trometry, along with powerful chemometric software,
allows the simultaneous determination and comparison of

Table 1: Chemical information of the eighteen ginsenoside standards.

Compounds Formula Accurate mass Retention time (min) Concentration (μg/mL)
Noto R1 C47H80O18 932.5345 4.89 288
Noto R2 C41H70O13 770.4816 16.54 222
Rb1 C54H92O23 1108.6029 18.61 108
Rb2 C53H90O22 1078.5924 19.92 162
Rb3 C53H90O22 1078.5924 20.20 240
Rc C53H90O22 1078.5924 19.21 72
Rd C48H82O18 946.5501 21.20 372
Re C48H82O18 946.5501 8.29 222
Rf C42H72O14 800.4922 15.70 68
Rg1 C42H72O14 800.4922 7.41 252
Rg2 C42H72O13 784.4973 17.60 264
Rg3 C42H72O13 784.4973 25.98 4
Rh1 C36H62O9 638.4394 17.37 114
Rh2 C36H62O8 622.4445 27.02 276
Ro C48H76O19 956.4981 19.54 180
F1 C36H62O9 638.4394 19.50 150
F2 C42H72O13 784.4973 25.30 120
F11 C42H72O14 800.4922 15.57 72

Table 2: ,e information about growth years and collecting location for all Panax genus stem-leaf samples.

Number Growth years Collecting location Number Growth years Collecting location
AMGSL-1 3 Suihua city, Heilongjiang province CGSL-7 4 Suihua city, Heilongjiang province
AMGSL-2 4 Suihua city, Heilongjiang province CGSL-8 4 Hunchun city, Jilin province
AMGSL-3 3 Jiaohe city, Jilin province CGSL-9 5 Hunchun city, Jilin province
AMGSL-4 5 Jiaohe city, Jilin province CGSL-10 5 Hunchun city, Jilin province
AMGSL-5 4 Antu county, Jilin province CGSL-11 5 Wangqing county, Jilin province
AMGSL-6 3 Jiaohe city, Jilin province FGSL-1 16 Huadian city, Jilin province
AMGSL-7 4 Jiaohe city, Jilin province FGSL-2 14 Huadian city, Jilin province
AMGSL-8 3 Suihua city, Heilongjiang province FGSL-3 11 Panshi city, Jilin province
AMGSL-9 4 Antu county, Jilin province FGSL-4 12 Huadian city, Jilin province
AMGSL-10 5 Panshi city, Jilin province FGSL-5 15 Huadian city, Jilin province
CGSL-1 3 Suihua city, Heilongjiang province FGSL-6 16 Suihua city, Heilongjiang province
CGSL-2 4 Suihua city, Heilongjiang province FGSL-7 14 Huadian city, Jilin province
CGSL-3 3 Suihua city, Heilongjiang province FGSL-8 13 Panshi citiy, Jilin province
CGSL-4 3 Suihua city, Heilongjiang province FGSL-9 10 Panshi city, Jilin province
CGSL-5 3 Tieli county, Heilongjiang province FGSL-10 10 Panshi city, Jilin province
CGSL-6 4 Hunchun city, Jilin province FGSL-11 11 Dongning county, Heilongjiang province
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WTthousands of chemical entities [21, 22]. It also has been
used to differentiate ginsengs which were cultivated in
different areas [23]. In the present study, a UPLC-Q-Exactive
Orbitrap/MS method was developed to accurately quantify
and identify the ginsenosides extracted from forest ginseng
stem-leaf (FGSL), cultivated ginseng stem-leaf (CGSL), and
American ginseng stem-leaf (AMGSL).

Both −ESI PRM MS and +ESI PRM MS were validated
[24], then the −ESI PRM MS was chosen to quantify the
ginsenosides in FGSL, CGSL, and AMGSL. ,e multi-
variate statistical analysis was further employed to differ-
entiate the Panax genus stem-leaf of various types and also
to discover the chemical markers in terms of the detected
ginsenosides.

2. Materials and Methods

2.1. Chemicals and Materials. HPLC-grade methanol
(MeOH), acetonitrile (ACN), and formic acid were obtained
from TEDIA (Fairfield, OH, USA). Ultrapure water was
filtered through a Milli-Q system (Millipore, Billerica, MA,
USA). Other reagents were analytical grade. Notoginseno-
side R1, notoginsenoside R2, ginsenoside Rb1, ginsenoside
Rb2, ginsenoside Rb3, ginsenoside Rc, ginsenoside Rd,
ginsenoside Re, ginsenoside Rf, ginsenoside Rg1, ginseno-
side Rg2, ginsenoside Rg3, ginsenoside Rh1, ginsenoside
Rh2, ginsenoside Ro, ginsenoside F1, ginsenoside F2, and
pseudoginsenoside F11 standards (they were represented by
R1, R2, Rb1, Rb2, Rb3, Rc, Rd, Re, Rf, Rg1, Rg2, Rg3, Rh1,
Rh2, Ro, F1, F2, and F11, resp. in the rest sections) were
purchased from Nanjing Zelang Co. (purity≥ 98%, Nanjing,
China). ,eir chemical information is shown in Table 1.
AMGSL (10 samples), CGSL (11 samples), and FGSL
(11 samples) were collected from Jilin and Heilongjiang prov-
inces. And detailed information of them is shown in Table 2.

2.2. SamplePreparation. A certain amount of Noto R1, Noto
R2, Rb1, Rb2, Rb3, Rc, Rd, Re, Rf, Rg1, Rg2, Rg3, Rh1, Rh2,
Ro, F1, F2, and F11 were dissolved in methanol, respectively,
to get eighteen standard solutions. ,ey were mixed and
diluted by 70% methanol to get stock solutions and con-
centrations of each standard in stock solutions are shown in
Table 1. ,en the stock solutions were diluted to be 1.0, 3.3,
10.0, 33.3, 100.0, 333.3, 1000.0, 3333.3, 10,000.0, 33,333.3,
100,000.0, and 333,333.3 fold dilutions by 70% methanol,
respectively, for method validation. All the prepared solu-
tions were stored at 4°C.

,e stem-leaf of Panax genus samples were dried and
pulverized to powder and then passed through a 10-mesh
sieve. ,e obtained powder was weighed (0.1 g) and extracted
with 5mL of 70% methanol in an ultrasonic waterbath for
60min. ,e extract was filtered through a syringe filter
(0.22 μm) and injected directly into the UPLC system.

2.3.MethodValidation. An external calibration method was
used for the quantitative analysis. And one of the CGSL
samples was used in method validation. ,e linear cali-
bration curves were constructed by plotting the concen-
trations of six to eleven mixed standard solutions against the
corresponding peak areas. ,e limit of detection (LOD) and
limit of quantification (LOQ) were measured with the
signal-to-noise ratio of 3 and 10, respectively. ,e precision
was performed by analysis of the standard solution six times
and the results were expressed as the relative standard de-
viation (RSD). For repeatability test, six independent sample
solutions were prepared using the procedures described in
the last section. ,e recovery of this method was achieved
using the standard additionmethod. Different concentration
levels of the standard solutions were added to the sample six
times. ,e average recoveries were determined by the fol-
lowing formula:

Table 3: Results of optimization for product ions and normalized collision energy.

Compounds
Negative Positive

Precursor ion Product ion NCE (%) Precursor ion Product ion NCE (%)
Noto R1 977.53 931.53 15 955.52 775.46 30
Noto R2 815.48 769.48 15 793.45 335.10 35
Rb1 1107.60 945.54 25 1131.59 365.11 30
Rb2 1123.59 1077.58 10 1101.58 335.10 35
Rb3 1123.59 1077.58 10 1101.58 335.10 35
Rc 1123.59 1077.58 10 1101.58 335.10 35
Rd 991.55 945.54 15 969.54 789.48 30
Re 991.55 945.54 15 969.54 789.48 30
Rf 845.49 475.38 30 823.48 365.11 40
Rg1 845.49 799.48 15 823.48 643.42 25
Rg2 829.50 783.49 15 807.49 349.11 35
Rg3 829.50 783.49 20 807.49 365.11 35
Rh1 683.44 637.43 15 661.43 203.05 35
Rh2 667.44 621.44 15 645.43 203.05 35
Ro 955.49 793.44 30 979.49 641.40 25
F1 683.44 637.43 15 661.43 203.05 30
F2 829.50 783.49 20 807.49 627.42 30
F11 845.49 653.43 30 823.48 497.36 40

157Chemical Differentiation and Quantitative Analysis of Different Types of Panax Genus Stem-Leaf...

__________________________ WORLD TECHNOLOGIES __________________________



WT
0

1 2 3 4 5
6

7

8 9

11

10

12
13

14

15

16
17

18

0.0

2.0 × 108

4.0 × 108

10

In
te

ns
ity

20
T (min)

30

(a)

0

1 2 3 45 6
7
8

9

11 12
13

14
15

16
17

18

0.0

2.0 × 108

4.0 × 108

10

In
te

ns
ity

20
T (min)

30

10

(b)

0

1 2
3

5 67
8

9

11
12

13

14

15

16

17 18

0.0

6.0 × 108

1.2 × 109

10

In
te

ns
ity

20
T (min)

30

10

(c)

0

1

2 3

5
6

7
8

9

11
12

13

14

15

16

17 18

0.0

6.0 × 108

1.2 × 109

10

In
te

ns
ity

20
T (min)

30

10

(d)

0

1 2

3

4

6 78 9

11
12

14
15

16

17 18

0.0

6.0 × 108

1.2 × 109

10

In
te

ns
ity

20
T (min)

30

10
13

(e)
Figure 1: Total ion current chromatograms of eighteen ginsenoside standards based on (a) −ESI full scan and (b) +ESI full scan MS; Total
ion current chromatograms of (c) FGLS, (d) CGLS and (e) AMGLS based on −ESI full scan MS (1 notoginsenoside R1; 2 ginsenoside Rg1; 3
ginsenoside Re; 4 pseudoginsenoside F11; 5 ginsenoside Rf; 6 notoginsenoside R2; 7 ginsenoside Rh1; 8 ginsenoside Rg2; 9 ginsenoside Rb1;
10 ginsenoside Rc; 11 ginsenoside F1; 12 ginsenoside Ro; 13 ginsenoside Rb2; 14 ginsenoside Rb3; 15 ginsenoside Rd; 16 ginsenoside F2; 17
ginsenoside Rg3; 18 ginsenoside Rh2).
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Figure 2: MS2 spectra of (a) [M+HCOO]− and (b) [M+Na]+ for Rd. (c)�e signal intensity of product ions for Rd with respect to the NCE
(glc represents glucose).
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Figure 3: Continued.
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Figure 3: MS2 spectra of [M+HCOO]− for (a) Rf and (b) F11 in the negative mode; MS2 spectra of [M+Na]+ for (d) Rf and (e) F11 in the
positive mode. �e signal intensity of product ions for Rf and F11 with respect to the NCE in the negative (c) and positive (f ) modes (glc
represents glucose and ara represents arabinose).
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Recovery(%) �
(observed amount− original amount)

spiked amount
× 100%,

RSD(%) �
SD

mean
  × 100%.

(1)

2.4.UPLC-Q-ExactiveOrbitrap/MSAnalysis. Chromatographic
separation was performed on an Ultimate 3000 system
(Dionex, Sunnyvale, CA, USA) coupled with Golden C18
column (2.1 × 50mm, 1.9 μm; ,ermo Fisher, USA). ,e
column temperature was maintained at 30°C, and the
mobile phases A and B were water with 0.1% formic acid
and acetonitrile, respectively. ,e gradient elution was
programmed to get the ginsenoside profile, and the pro-
portion of acetonitrile (B) was increased from 19% to 19%
(0–5min), 19–28% (5–12min), 28–40% (12–22min),
40–85% (22–24min), and finally adjusted from 85% to
19% (24–25min) and maintained at 19% for five minutes.
,e injection volume was 5 μL and the flow rate was
0.3mL/min.

Mass spectrometric detection was carried out on
a Q-Exactive Orbitrap/MS (,ermo, San Jose, CA, USA)
equipped with an electrospray ionization (ESI) ion source
operated in the positive or negative ion mode. ,e pa-
rameters of ion source were set as follows: sheath gas flow
of 40 Arb, aux gas flow of 12 Arb, and sweep gas flow of
1 Arb. ,e S-Lens RF level was 55%. Capillary voltage was
set to +3.5 kV or −3.5 kV with a capillary temperature of
333°C and an aux gas heater temperature of 317°C. Full
scan MS data were acquired at the centroid mode fromm/z
200 to 2000, 70,000 resolution, automatic gain control
(AGC) target of 1e6, and maximum injection time (IT) of
100ms. ,e mass range of MS2 spectra varies depending
on the precursor ions. ,e precursor and product ions
used for the quantification in the PRM mode are listed in
Table 3, together with the corresponding normalized
collision energy (NCE). PRMMS data were acquired at the
centroid mode, 17,500 resolution, AGC target of 1e5, and
maximum IT of 50ms.

2.5.Multivariate StatisticalAnalysis. For the −ESI PRMMS,
the contents of eighteen ginsenosides in ginseng stem-leaf
were used as a dataset containing sample code, ginseno-
side, and content. For the −ESI full scanMS, the raw data of
samples were processed by the Sieve software (version 2.1,
,ermo, San Jose, CA, USA), which could detect the mass,
retention time, and intensity of the peaks in each chro-
matogram. ,e maximum retention time shift was set at
0.25min and the m/z width was 10 ppm to align the fea-
tures. ,e base peak minimum intensity and background
were set at 105 and 3, respectively. After being aligned, the
intensity of each ion was normalized by the total ion in-
tensity of each chromatogram. ,e resultant dataset,
containing m/z value @ retention time, the normalized
intensity and the sample code, was used to perform the

multivariate statistical analysis. ,en, both the datasets
were saved as .csv files and imported into SIMCA-P
software 11.5 (Umetrics, Umea, Sweden) to conduct the
multivariate statistical analysis including principal com-
ponent analysis (PCA) and partial least squares-
discriminant analysis (PLS-DA). In the PLS-DA model,
ions with variable importance in projection (VIP) 1 and
VIP 2 values larger than 1 were highlighted and were
further filtered by Student’s t-test (SPSS19.0, Chicago, IL,
USA). ,e components with p< 0.05 were considered
significant and were selected as analytical markers.

Table 4: Precision and repeatability for the eighteen ginsenosides
in ginseng stem-leaf.

Compounds
RSD (%) precision

(n � 6)
RSD (%) repeatability

(n � 6)
−ESI PRM +ESI PRM −ESI PRM +ESI PRM

R1 2.30 2.34 5.63 2.94
R2 4.31 2.93 7.28 2.73
Rb1 2.44 3.93 4.14 3.31
Rb2 2.89 4.47 4.54 2.90
Rb3 4.50 4.67 3.52 4.05
Rc 3.60 2.42 4.05 2.18
Rd 3.21 1.83 7.14 7.28
Re 2.47 2.04 7.85 5.88
Rf 2.76 2.24 8.56 2.46
Rg1 3.26 2.15 4.98 6.41
Rg2 3.40 1.38 9.30 3.04
Rg3 3.76 2.40 2.89 10.05
Rh1 1.93 2.14 7.32 8.33
Rh2 3.07 2.50 4.11 7.62
Ro 1.18 1.17 4.85 5.04
F1 3.22 2.05 2.43 4.40
F2 2.93 4.07 8.26 7.35
F11 3.02 3.33 4.36 6.24

Table 5: LOD and LOQ for the eighteen ginsenosides in ginseng
stem-leaf.

Compounds
LOD (μg/mL) LOQ (μg/mL)

−ESI PRM +ESI PRM −ESI PRM +ESI PRM
R1 0.00288 0.0288 0.0096 0.096
R2 0.0222 0.0222 0.074 0.074
Rb1 0.0036 0.0108 0.0108 0.036
Rb2 0.00054 0.0162 0.00162 0.054
Rb3 0.0024 0.024 0.008 0.08
Rc 0.00024 0.0072 0.00072 0.024
Rd <0.00124 0.0372 0.00124 0.124
Re 0.00074 0.0222 0.00222 0.074
Rf 0.000228 0.0228 0.000684 0.0684
Rg1 0.00252 0.0252 0.0084 0.084
Rg2 0.00088 0.088 0.00264 0.264
Rg3 0.000134 0.00402 0.000402 0.0134
Rh1 0.0038 0.114 0.0114 0.38
Rh2 0.0276 0.0092 0.092 0.0276
Ro 0.0006 0.006 0.0018 0.018
F1 0.0015 0.015 0.015 0.05
F2 0.012 0.004 0.04 0.012
F11 0.00072 0.024 0.0024 0.072

162 Modern Chromatography

__________________________ WORLD TECHNOLOGIES __________________________



WT
3. Results and Discussion

3.1.Optimization of LC-MSConditions. As shown in Figures
1(a) and 1(b), the total ion chromatograms (TIC) of eighteen
ginsenoside standards were obtained in −ESI full scan and
+ESI full scan MS. Most of the standards were separated
distinctly within 30min, with an exception of Rf and F11. Rf
and F11 were structural isomers and the characteristic
components in Asian ginseng and American ginseng, re-
spectively. ,eoretically, they cannot be present in one
ginseng sample. Although they exhibited a poor chro-
matographic separation in the full scan mode, their quan-
tification could be achieved in PRM mode, in which they
were separated by their distinct ion pairs.

,e ion pairs used for the quantitative analysis of gin-
senosides were firstly optimized. Generally, the base peak in
the full scan spectra (usually the adduct ion) was taken as the
precursor ion, while the base peak in the MS2 spectra was
selected as the product ion. Taking Rd as an example, the

[M+HCOO]− ion atm/z 991.55 was the main adduct ion of
Rd in the −ESI full scan MS and was chosen as the precursor
ion. Its correspondingMS2 spectrum is shown in Figure 2(a).
,e [M-H]− ion at m/z 945.54 was the base peak in the MS2
spectrum and was selected as the quantitative product ion.
Similarly, the [M+Na]+ at m/z 969.54 in the +ESI full scan
MS and [M-glc +Na]+ at m/z 789.48 ions in the MS2
spectrum were chosen as the precursor and product ions,
respectively. ,e NCE which ranged from 10% to 50% was
further optimized to get the maximum intensity of the
product ions. As shown in Figure 2(c), the intensity of the
negative ion atm/z 945.54 and positive ion atm/z 789.48 was
maximized at NCE of 15% and 30%, respectively.

To perform the quantification of isomeric ginsenosides
Rf and F11, their PRM conditions were optimized. ,e
precursor ions of Rf and F11 were the [M+HCOO]− ion at
m/z 845.49 in the −ESI full scan MS and the [M+Na]+ ion at
m/z 823.48 in the +ESI full scanMS. As shown in Figures 3(a)
and 3(b), Rf and F11 had the same [M-H]− ion at m/z 799.48

Table 6: Calibration curve for the eighteen ginsenosides in ginseng stem-leaf.

Compounds
−ESI PRM +ESI PRM

Calibration curve Linear range
(μg/mL) r Calibration curve Linear range

(μg/mL) r

R1 Y� 3.27018×107X
+ 1.27657×107 0.0096–288 0.9994 Y� 7.12403×105X

+ 1.14396×106 0.096–28.8 0.9892

R2 Y� 2.87993×107X
+ 5.33922×107 0.074–74 0.9942 Y� 1.82435×105X

+ 2.53254×105 0.074–22.2 0.9897

Rb1 Y� 4.44403×106X
+ 1.70415×106 0.0108–36 0.9985 Y� 9.55059×105X

+ 1.91469×106 0.036–36 0.9850

Rb2 Y� 2.47272×107X
+ 1.29975×107 0.00162–54 0.9978 Y� 5.82544×105X

+ 1.65322×106 0.054–54 0.9846

Rb3 Y� 2.15503×107X
+ 3.80369×107 0.008–80 0.9914 Y� 2.89207×105X

+ 1.49713×106 0.08–80 0.9818

Rc Y� 4.72793×107X
+ 1.12854×107 0.00072–24 0.9979 Y� 8.45948×105X

+ 1.38423×106 0.024–24 0.9804

Rd Y� 3.37678×107X
+ 1.08663×108 0.00124–124 0.9815 Y� 3.53253×105X

+ 3.07447×106 0.124–124 0.9807

Re Y� 3.19849×107X
+ 2.13175×107 0.00222–222 0.9970 Y� 4.69691× 105X

+ 2.40931× 106 0.074–74 0.9796

Rf Y� 8.08178×107X
+ 9.99727×106 0.000684–22.8 0.9993 Y� 4.29504×105X

+ 5.30340×105 0.0684–22.8 0.9906

Rg1 Y� 8.38404×106X
+ 3.00715×107 0.0084–252 0.9958 Y� 1.15403×106X+ 2.47×106 0.084–25.2 0.9771

Rg2 Y� 4.17409×107X
+ 1.14333×107 0.00264–26.4 0.9974 Y� 5.8844×104X

+ 4.43358×105 0.264–88 0.9879

Rg3 Y� 3.47553×108X
+ 6.73022×106 0.000402–1.34 0.9964 Y� 1.58307×106X

+ 1.31307×105 0.0134–1.34 0.9890

Rh1 Y� 3.4999×106X
+ 2.45245×106 0.0114–38 0.9950 Y� 4.7729×104X

+ 4.6489×104 0.38–11.4 0.9878

Rh2 Y� 1.3957×106X
+ 1.25926×106 0.092–27.6 0.9937 Y� 1.45527×106X

+ 1.52536×106 0.092–27.6 0.9937

Ro Y� 5.2621× 106X
+ 5.94325×106 0.0018–60 0.9925 Y� 1.82466×106X

+ 2.10478×106 0.018–60 0.9819

F1 Y� 4.03707×106X
+ 1.93111× 106 0.015–50 0.9981 Y� 1.06804×106X

+ 2.54794×105 0.05–15 0.9982

F2 Y� 3.14728×106X + 152,642 0.04–12 0.9998 Y� 1.48171× 106X
+ 2.40890×105 0.04–12 0.9878

F11 Y� 8.90659×105X+ 20,891 0.0024–24 1.0000 Y� 1.93487×106X
+ 6.14331× 105 0.072–24 0.9752
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and distinct product ions atm/z (475.38, 637.43) and (491.37,
653.43), respectively, which were obtained by the successive
losses of the two saccharidemoieties.,ese distinct ions could
be used as the characteristic product ions for their differ-
entiation and quantification. ,erefore, the ion at m/z 475.38
and 653.43 were selected as the product ions of Rf and F11,
respectively, as their intensities were higher than the coun-
terparts. In addition, the NCE was optimized to be 30% and
25% for Rf and F11 (Figure 3(c)). In the positive ionmode, the
fragment ions were also unambiguously identified, as shown
in Figures 3(d) and 3(e). All the optimized PRM conditions
are shown in Table 3.

3.2. Validation of the Method. As shown in Table 4, the
precisions for all the eighteen ginsenosides from two scan
modes were in the range from 1.17% to 4.67%, while the
repeatability ranged from 2.18% to 10.05%. ,e results
showed that the developed UPLC-Q-Exactive Orbitrap/MS

method had a good precision and repeatability for quanti-
fying ginsenosides in all the tested modes.

,e LOD and LOQ of eighteen ginsenosides are shown
in Table 5. In total, the lower LOD and LOQ were obtained
in −ESI PRM MS instead of +ESI PRM MS. In addition, the
−ESI PRMMS has the lower LOD and LOQ less than 0.0276
and 0.092 μg/mL for all the ginsenosides.

As shown in Table 6, all the compounds showed good
linearity (r≥ 0.99) when the method was operated in the
negative ion mode. ,e concentration range could reach up
to 3 orders of magnitude, indicating the developed method
a good capability to quantify the ginsenosides. Only a few
ginsenosides showed good linearity in +ESI PRM MS. It is
observed that the linearity of ginsenosides detected in the
negative ion mode was better than that in the positive ion
mode.

,e recoveries detected in both the modes were in the
range from 65.42% to 137.71% with RSD less than 10.60%, as
shown in Table 7.

Table 7: Recovery for the eighteen ginsenosides in ginseng stem-leaf.

Compounds
−ESI PRM +ESI PRM

Recovery (%) RSD (%) (n � 6) Recovery (%) RSD (%) (n � 6)
R1 118.32 7.43 103.29 2.03
R2 102.29 5.68 131.23 7.58
Rb1 80.77 6.86 75.38 7.35
Rb2 87.66 3.74 81.24 2.34
Rb3 119.55 5.47 130.08 2.91
Rc 97.41 9.06 84.07 4.05
Rd 111.12 6.75 116.12 3.18
Re 93.25 7.22 78.65 4.32
Rf 76.68 6.51 79.45 5.33
Rg1 95.33 7.75 85.91 4.10
Rg2 90.21 8.09 137.71 4.36
Rg3 101.49 4.73 129.48 10.60
Rh1 112.92 6.18 130.61 4.93
Rh2 103.84 7.90 76.49 2.35
Ro 73.42 6.69 65.42 6.69
F1 80.70 8.16 99.57 4.55
F2 97.93 6.39 78.70 1.80
F11 107.52 4.39 121.05 6.24

Table 8: Contents of the eighteen ginsenosides in ginseng stem-leaf.

Content
(mg/g) R1 R2 Rb1 Rb2 Rb3 Rc Rd Re Rg1

FGSL 0.101±
0.026

0.078±
0.027

0.233±
0.063

2.792±
0.497

0.289±
0.069

1.098±
0.184

3.737±
0.585

7.394±
1.601

2.405±
0.593

CGSL 0.214±
0.114

0.104±
0.075

0.368±
0.126

2.635±
0.938

0.346±
0.192

1.221±
0.460

3.390±
0.985

8.286±
2.364

3.996±
1.739

AMGSL 0.391±
0.128

0.008±
0.002

0.702±
0.240

3.543±
0.638

4.977±
0.481

0.933±
0.207

3.424±
0.379

8.162±
1.635

1.644±
0.691

Content
(mg/g) Rg2 Rg3 Rh1 Rh2 Ro F1 F2 Rf F11

FGSL 0.396±
0.130

0.007±
0.002

0.031±
0.016

0.003±
0.002

0.140±
0.070

4.409±
0.961

1.067±
0.786

0.148±
0.050 0.000

CGSL 0.571±
0.275

0.006±
0.003

0.061±
0.049

0.004±
0.004

0.087±
0.066

4.770±
2.490

1.062±
0.825

0.160±
0.065 0.000

AMGSL 0.899±
0.277

0.011±
0.003

0.093±
0.049

0.005±
0.003

0.066±
0.088

0.079±
0.015

0.921±
0.518 0.000 3.271±

0.464

164 Modern Chromatography

__________________________ WORLD TECHNOLOGIES __________________________



WT
–7 –6

–6

–4

–2

0

2

4

6

–5 –4 –3 –2 –1 0
t[1]

t[2
]

1 2 3 4 5 6 7

(a)

–0.1

0.0

0.1

0.2

0.3

0.4

–0.0 0.1

Rg2

Rb2
Rh1

ReRd

Rc

F2
R2

Rf

Ro

F1

Rh2

Rg1

Rb1

Rb3

Rg3

R1

0.2 0.3–0.1–0.2
p[1]

p[
2]

F11

(b)

–6

–4

–2
–3

–1
0

3
4

1
2

–5 –4 –3 –2 –1 0
t[1]

t[2
]

1 2 3 4 5 6

(c)
Figure 4: Continued.

165Chemical Differentiation and Quantitative Analysis of Different Types of Panax Genus Stem-Leaf...

__________________________ WORLD TECHNOLOGIES __________________________



WT
�e validation results indicated that the −ESI PRM MS

was better than +ESI PRM MS in LOD, LOQ, linearity,
concentration range, and mean recovery. �erefore, the
described −ESI PRM MS method was subsequently applied
to the analysis of all the samples. �e developed UPLC-Q-
Exactive Orbitrap/MS methods showed lower LOD and
LOQ, larger concentration range than HPLC methods
[18, 25].

3.3. Quanti�cation Analysis Based on −ESI PRM MS
Data. �e TIC plots of the extracted AMGSL, CGSL, and
FGSL are shown in Figures 1(c)–1(e). �e di�erences be-
tween AMGSL and Asian Ginseng stem-leaf (ASGSL) could
be clearly observed, as Rf and F11 were only present in
ASGSL and AMGSL, respectively. �e contents of eighteen
ginsenosides in every type of samples were detected using
the developed PRM/− method, and the quantitative results
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Figure 4: (a) Score plot and (b) loading plot of PCA model based on data of eighteen ginsenoside contents in CGLS, FGLS, and AMGLS.
(c) Score plot of PLS-DAmodel based on data of eighteen ginsenoside contents in CGLS and FGLS. (d) Permutation test, (e) score plot, and
(f ) loading plot of PLS-DA model based on −ESI full scan MS data (▲, CGLS; ■, FGLS; ◆, AMGLS).
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are shown in Table 8. Excepting Rf and F11, AMGSL and
ASGSL also had large di�erences in the contents of R2, Rb3,
and F1. AMGSL contained less R2, F1 but more Rb3 than

ASGSL. For CGSL and FGSL, it was found that the contents
of eighteen ginsenosides were very similar. �erefore, it is
di¡cult to discriminate CGSL from FGSL just using the data
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Figure 5: MS2 spectra of [M+HCOO]− for (a) Vina-ginsenoside R3, (b) ginsenoside F3, and (c) ginsenoside F5 in the negative mode. (�e
glc represent glucose and the ara represent arabinose.)
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WTof contents of eighteen ginsenosides. To discriminate among
different ginseng stem-leaves and find analytical markers,
the multivariate statistical analysis was performed in the next
section.

3.4. Multivariate Statistical Analysis. ,e dataset of the
ginsenoside contents was subjected to the multivariate
statistical analysis to differentiate the samples from different
origins and to discover the chemical markers. Firstly, a PCA
mode, an unsupervised pattern recognition technique, was
established with R2(X) (cum)� 0.850 and Q2 (cum)� 0.561.
As shown in Figure 4(a), the samples are separated distinctly
into two groups. CGSL and FGSL were clustered together,
suggesting their similar content of ginsenosides. And the
clear separation between AMGSL and ASGSL was achieved,
indicating the significant difference between these two
species. To reveal the ginsenosides that contribute most to
the separations of samples from different origins, the loading
plot was used to select the chemical markers. As shown in
Figure 4(b), the ginsenosides far from the origin were
considered to contribute most to the separation and were
selected as chemical marker candidates. ,ese ginsenosides
were further filtered by Student’s t-test. ,e variables with
contents which are statistically significant different
(p< 0.05) between two groups were selected as the analytical
markers. Finally, six ginsenosides were obtained as the
markers andmarked with red boxes in the loading plot.,ey
were F11, Rf, R2, F1, Rb1, and Rb3 respectively.

To further explore the differences of targeted ginseno-
sides present in ASGSL samples, the PLS-DAmodel [26] was

established by setting CGSL as group I and FGSL as group II.
,e PLS-DA scores plot is established with the model pa-
rameters of R2(Y)� 0.742 and Q2 (cum)� 0.615 and shown
in Figure 4(c). A clear separation is still not observed, since
the limited ginsenosides could not provide enough char-
acteristic information for their differentiation.

,erefore, the PLS-DA model was established based on
the data obtained in −ESI full scan MS method was used to
separate CGSL and FGSL. As shown in Figure 4(e), clear
separations are observed with R2(Y)� 0.890 and Q2 (cum)�

0.824, suggesting good fitness and prediction ability of the
established PLS-DA model. Permutation test (n � 200) was
further performed to validate the model. No overfitting was
found because the permutated R2 and Q2 values on the left
are lower than the original point on the right (Figure 4(d)).
,ese results indicated that the established PLS-DA mode
has the high goodness of fit and predictability. ,en loading
plot (Figure 4(f)) and VIP were used to reveal the potential
analytical markers that contribute most to the separation
between CGSL and FGSL. After t-test, twenty-six chemical
components showed statistical differences between groups
and considered to be the chemical markers for the separation
of ASGSL and marked with red boxes in the loading plot
(Figure 4(f)).

Excepting Rb1, Rg1, and R1, the identification of rest
analytical markers was conducted by means of accurate
mass-to-charge ratio and MS2 information obtained by MS.
,e marker 975.54@20.84 was assigned to Vina-ginsenoside
R3 [27] whose MS/MS spectrum is shown in Figure 5(a).,e
[M+HCOO]− ion of Vina-ginsenoside R3 at m/z 975.54
showed the characteristic product ions at m/z 767.49 and

Table 9: Characterization of analysis markers in CGSL and FGSL based on −ESI full scan MS data.

Variable ,eoretical (m/z) Measured (m/z) Mass error (ppm) Compounds Elemental composition Adduct ions
1117.53@22.49 1117.5284 1117.5286 0.21 — C49H84O25 [M+HCOO]−

1119.58@22.31 1119.5804 1119.5806 0.18 — C50H90O24 [M+HCOO]−

1005.52@12.54 1005.5123 1005.5150 2.78 — C44H80O22 [M+HCOO]−

Rb1 1107.5957 1107.5918 −3.52 Rb1 C54H92O23 [M-H]−

Rg1 845.4904 845.4794 −3.54 Rg1 C42H72O14 [M+HCOO]−

R1 977.5327 977.5301 −2.66 R1 C47H80O18 [M+HCOO]−

975.54@20.84 975.5534 975.5498 −3.69 Vina-ginsenoside R3 C48H82O17 [M+HCOO]−

887.49@12.82 887.4857 887.4889 3.78 — C40H74O18 [M+HCOO]−

941.50@25.29 941.4963 941.4987 2.56 — C44H78O21 [M-H]−

1033.55@15.42 1033.5436 1033.5457 2.1 — C46H84O22 [M+HCOO]−

699.42@15.01 699.4266 699.4235 −4.78 — C43H58O5 [M+HCOO]−

1017.51@25.97 1017.5123 1017.5147 2.44 — C45H80O22 [M+HCOO]−

815.47@17.26 815.4798 815.4695 −4.05 Ginsenoside F5 C41H70O13 [M+HCOO]−

939.48@25.88 939.4806 939.4844 4.01 — C44H76O21 [M-H]−

1149.56@25.57 1149.5546 1149.5550 0.37 — C50H88O26 [M+HCOO]−

975.51@22.56 975.5018 975.5056 4.12 — C43H78O21 [M+HCOO]−

991.50@15.87 991.4967 991.4990 2.45 — C48H82O18 [M+HCOO]−

957.50@25.45 957.4912 957.4942 3.29 — C43H76O20 [M+HCOO]−

971.51@25.5 971.5068 971.5085 1.78 — C44H78O20 [M+HCOO]−

957.50@24.95 957.4912 957.4941 3.18 — C43H76O20 [M+HCOO]−

961.53@22.27 961.5225 961.5259 3.71 — C43H80O20 [M+HCOO]−

1107.54@20.3 1107.5440 1107.5445 0.43 — C49H88O27 [M+HCOO]−

1093.57@14.55 1093.5648 1093.5688 3.69 — C49H90O26 [M+HCOO]−

973.49@17.4 973.4861 973.4883 2.36 — C43H76O21 [M+HCOO]−

1089.53@24.31 1089.5335 1089.5349 1.32 — C49H86O26 [M+HCOO]−

815.47@18.11 815.4798 815.4777 −2.58 Ginsenoside F3 C41H70O13 [M+HCOO]−
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605.43. ,e markers 815.47@18.11 and 815.47@17.26 were
assigned to ginsenoside F3 and ginsenoside F5, respectively.
,e fragmentation schemes for the product ions of ginse-
noside F3 and ginsenoside F5 are shown in Figures 5(b) and
5(c). ,e chemical information of analytical markers is
shown in Table 9. All the contents of Rg1, Rb1, R1, Vina-
ginsenoside R3, ginsenoside F3, and ginsenoside F5 in the
FGSL were less than in the CGSL. ,e reason may be related
to cultivation.

4. Conclusions

By using UPLC-Q-Exactive Orbitrap/MS, a rapid, simple,
and reliable method to simultaneously determine eighteen
ginsenosides (R1, R2, Rb1, Rb2, Rb3, Rc, Rd, Re, Rf, Rg1,
Rg2, Rg3, Rh1, Rh2, Ro, F1, F2, and F11) in Panax genus
stem-leaf was first developed and validated. ,is method
provides an excellent quantitative tool for analysis of gin-
senosides in stem-leaf due to its high capacity, high sensi-
tivity, and high selectivity. F11, Rf, R2, F1, Rb1, and Rb3 are
analytical markers which could be used to identified ASGSL
and AMGLS. Rf was found only in ASGSL, and F11 was
found exclusively in AMGLS, which were similar to the
difference between Asian ginseng root and American gin-
seng root [28]. Furthermore, our results suggest that the
approach in the present study could be effectively applied to
discriminate CGSL from FGSL. Based on UPLC-Q-Exactive
Orbitrap/MS combined with multivariate statistical analysis,
a reliable and effective approach aimed to discriminate
among different types of Panax genus stem-leaf has been
successfully developed.
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1Universidade Tecnológica Federal do Paraná, Campus Dois Vizinhos, Estrada para Boa Esperança,
Km 04 85660-000 Dois Vizinhos, PR, Brazil
2Departamento de Quı́mica, Universidade Estadual de Maringá, Avenida Colombo, 5790 87020-900 Maringá, PR, Brazil
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Method for extraction and determination of amoxicillin, caffeine, ciprofloxacin, norfloxacin, tetracycline, diclofenac, ibuprofen,
nimesulide, levonorgestrel, and 17α-ethynylestradiol exploiting micellar liquid chromatography with PDA detector and solid-
phase extraction was proposed. ,e usage of toxic solvents was low; the chromatographic separation of the medicaments was
performed using a C18 column and mobile phases A and B containing 15.0% (v/v) ethanol, 3.0% (m/v) sodium dodecyl sulfate
(SDS), and 0.02mol·L−1 phosphate at pHs 7.0 and 8.0, respectively.,emethod is simple, selective, and fast, and the analytes were
separated in 23.0min. For extraction, 1000mL of sample containing 2.0% (v/v) ethanol and 0.002mol·L−1 citric acid at pH 2.50
was loaded through a 1000mg of C18 cartridge. ,e analytes were eluted using 3.0mL of ethanol, which were evaporated and
redissolved in 0.5mL of mobile phase. Concentration factors better than 1200, except amoxicillin (224), were obtained. ,e
analytical curves were linear (R2 better than 0.992); LOD and LOQ (n � 10) presented values in the range of 0.019–0.247 and
0.058–0.752mg·L−1, respectively. Recoveries of 99% were obtained, and the results are in agreement with those obtained by the
comparative methods.

1. Introduction

For many years, the analysis of environmental contaminants
was done to determine the presence of pesticides, air pollut-
ants, petroleum residues, and many other substances desig-
nated as conventional pollutants [1, 2]. Recently, a large
number of compounds not regulated by countries legislation
have been identified as potential pollutants, which have been
designated as emerging contaminants [3].,e pharmaceuticals
and their metabolites belong to this new class of pollutants,
although their presence in the environment is not new [4, 5].

Many tons of these drugs are produced annually and
used in human and veterinary medicine. Generally, the exact
amount of pharmaceuticals produced is not published in the
literature [6], but it is known that Brazil, United States,
France, and Germany belong to the group of the world’s
largest consumers of these drugs [7].,us, themonitoring of
these compounds in the environment has gained great interest

as they are often found in effluents from wastewater treatment
plants and natural waters [4, 8, 9].

In Brazil, the population self-medication is common be-
cause part of the population does not have access to adequate
medical care and has easy access to medicines due to the high
number of drugstores, including those with unethical business
practices [8, 10]. After the administration, many pharma-
ceuticals are transformed into one or more metabolites and
excreted in the urine and feces, causing serious problems to the
environment [4, 8, 10]. It is known that the rampant use of
pharmaceuticals such as antibiotics can make some micro-
organisms resistant to these drugs as some bacteria have the
ability to modify their genetic material [6, 11, 12].

Furthermore, some drugs are used in animal treatment
in the rearing of livestock, pigs, and chickens, and the waste
generated from these activities has become a major source of
environmental contamination due to its use as fertilizer
in farmland. ,us, the pharmaceutical compounds are not
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metabolized and their metabolites can pass into ground-
water and eventually to watercourses such as rivers and
lakes, affecting aquatic life [6, 8, 12]. Another source of
environmental contamination by these drugs is associated
with the disposal of waste from pharmaceutical companies
and hospitals in landfills that can contaminate underground
waters [4, 6].

,e presence of hormones in the environment has been
indicated as responsible for causing endocrine disturbances
in human and animal organisms and endocrine disruptors
[13, 14].,ere is evidence that reproductive system of certain
terrestrial and aquatic organisms is affected by estrogen,
resulting in the development of abnormalities and re-
productive impairment in exposed organisms, even when
these drugs are present at low concentrations [6]. Caffeine is
a natural stimulant and the most widely consumed psy-
choactive drug in the world as it is present in soft drinks,
coffee, tea, cocoa, and chocolate and is used concomitantly
with various medications as a stimulant [15]. Due to its
widespread consumption, caffeine has been used as a po-
tential indicator of anthropogenic pollution of surface water
resulted from human activity [16, 17].

Due to the growing concern of the presence of antibi-
otics, anti-inflammatories and hormones in water intended
for public supply a number of methodologies devoted to
identify and quantify these compounds in various samples
that have been proposed. ,e most common are those in-
volving separation techniques such as gas and liquid
chromatography and capillary electrophoresis coupled with
several detectors such as MS, UV-Vis, FID, ECD, and others
[18–27] associated with SPE with solvents such as formic
acid/water [20], methanol/methyl tertiary-butyl ether [21],
n-hexane/ethyl acetate/methanol [22], or more modern
methods such as ultrasonic-assisted extraction/centrifugation
and purification with SPE [18] and the pressurized liquid
extraction followed by extract purification using SPE [19].

As it is not an easy task the development of extraction
and determination methods to chemical compounds with
very different characteristics, few methods permit the de-
termination of the analytes present in this paper in a single
run. ,us, environmental researchers and laboratories
dedicated to the analysis of drugs should use several methods
for the determination of drugs from different classes in
environmental samples, which increase the cost and time of
the analysis. ,e exception is the method based on MS
detector that can furnish adequate results to water analysis of
emergent pollutants, but it should be considered that a lot of
laboratories dedicated to routine water analysis did not have
mass spectrometer, mainly due to the cost to acquire the
equipment or lack of skilled professionals capable of properly
using the equipment.

,us, to fill this gap, in the present work is proposed
a robust, simple, and green HPLC-UV method associated
with SPE extraction for the determination of antibiotics
(amoxicillin, ciprofloxacin, norfloxacin, and tetracycline),
anti-inflammatories (diclofenac, ibuprofen, and nimesu-
lide), hormones (17α-ethynylestradiol and levonorgestrel),
and caffeine in water samples, providing the laboratories
dedicated to water analysis with a tool able to determine the

more representative pharmaceuticals from classes of anti-
biotics, anti-inflammatories, and hormones used in Brazil in
a single chromatographic run and using a simple HPLC-UV;
a common equipment in a number of laboratories devoted to
contaminant analysis, contributing to environmental re-
searchers involving emerging pollutants. ,e task can be
done exploiting the micellar chromatography as the sur-
factant can modify the C18 and the aqueous phase, in-
creasing the possibilities of interactions of the analytes with
both phases, permitting the separation of substances with
different polarities in the same chromatographic run. ,e
selected compounds are considered toxic, are among the
most used in Brazil, present biological activity, and their
presence in the aquatic environment has already been
demonstrated, which justify their determination.

2. Experimental

2.1. Reagents. All reagents and solvents were of analytical
grade (purity higher than 98%); the aqueous solutions were
prepared using deionized water and were ultrasonically
degassed and vacuum-filtered through a cellulose acetate
membrane of 0.45 μm before chromatographic use.

Solutions containing ethanol or n-propanol or n-butanol
of HPLC-grade (Tedia, Fairfield, USA), anhydrous dibasic
sodium phosphate (Na2HPO4), SDS, or CTAB (cetyl tri-
methyl ammonium bromide), or SDBS (sodium dodecyl
benzene sulfonate), or Triton X-100 (polyoxyethylene (9-10)
p-phenol tertoctyl) (both from Sigma-Aldrich, St. Louis,
USA) at different concentrations and pH values were tested
as mobile phase. ,e main mobile phases containing 3.0%
(m/v) SDS, 20.0mmol·L−1 Na2HPO4, and 15.0% (v/v) eth-
anol at pH 7.0 (phase A) and pH 8.0 (phase B) were prepared
by dissolving 3.046 g of SDS, 0.284 g of Na2HPO4, and
15.0mL of ethanol at approximately 70.0mL of water and
leaving the solution under stirring until complete homog-
enization. Later, the pH was adjusted by adding HCl or
NaOH 1.0mol·L−1, and the final volume was made up to
100.0mL in a volumetric flask. All mobile phases used in
this work were prepared following the same procedures
and just modifying the percentages of reagents or changing
the organic solvent to n-propanol or n-butanol or the
surfactant.

Amoxicillin, ciprofloxacin, norfloxacin, tetracycline,
diclofenac, ibuprofen, nimesulide, 17α-ethynylestradiol,
levonorgestrel, and caffeine were supplied by Sigma-Aldrich
(St. Louis, USA), and 20.0mg·L−1 stock solutions were
prepared by dissolving 1.0mg of each drug in the mobile
phase A, the solution was submitted to sonication for
3.0min to ensure complete dissolution of analytes, and the
volume was completed to 50.0mL in a volumetric flask. ,e
solutions were stored in amber flasks, protected from light,
and were frozen. Just before analysis, the solutions were left
to attain thermal equilibrium with the room temperature.

To verify the stability of each drug in the mobile phase
and the wavelength to monitor them, 50mL of 10.0mg·L−1
of each drug standard solution was prepared in the mobile
phase A and divided into two portions of 25.0mL. ,e first
set was frozen and protected from light, and the second set
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was kept at 25°C and immediately used to obtain the UV-Vis
spectra (200 to 600 nm). ,e procedure was repeated each
60min for 3 h during the first day and then the solution was
stored in the refrigerator at 10°C. Later, the solutions (two
sets) were analyzed every day during 4 days.

2.2. Sampling, Sample Treatments, and Optimization of the
SPE Procedure. A total of 7 river water samples were col-
lected from rivers flowing in the center of Maringá (Paraná,
Brazil) in zones with different population densities and
industrial activities. Samples 1–3 were collected from the
south of Maringá in Moscados stream (ca. 2.9 km from its
source in the Inga Park), Cleópatra stream (ca. 2.3 km from
its source, located inside the Pioneiros Forest Park), and
Borba Gato stream (ca. of 3.3 km from its source located in
the Horto Florestal Park), respectively. Samples 4–6 were
collected in the north of Maringá in Mandacarú stream
(ca. 2.0 km from the source), Morangueiro stream (ca. 4.0 km
from the source), and Maringá stream (ca. 2.0 km from the
search), respectively; sample 7 was tap water collected in
the analytical chemistry laboratory at Maringá State
University.

Before sample collection, each bottle was prerinsed with
the sample for three times. ,e samples were sent in boxes
packed with ice to the laboratory at Maringá State Uni-
versity. Immediately upon reception, the samples were
vacuum filtered throughMillipore 0.45 µmmembrane; then,
to 1.0 L of each sample was added 2.0% (v/v) ethanol and
2.0mmol·L−1 citric acid, and the pH was adjusted to 2.5 with
HCl 1.0mol·L−1.

For sampling, 4 L of each water sample was collected
according to the standard protocol established by the Water
Resources Company Management [28], which considers
sampling timing, sampling point, sampling tools and con-
tainers, sampling operation, field records, labeling, trans-
port, and storage of samples. Immediately upon reception,
the samples were vacuum filtered through Millipore 0.45 μm
membrane and to 1.0 L of each sample was added 2.0% (v/v)
ethanol and 2.0mmol·L−1 citric acid, and the pH was ad-
justed to 2.5 with HCl 1.0mol·L−1. Later, the samples were
submitted to the following extraction procedure: before the
extraction, the C18 stationary phase was preconditioned by
passing 5mL of methanol, 5mL of pure water, and 5mL of
an aqueous solution containing 2.0% (v/v) ethanol and
2.0mmol·L−1 citric acid at pH 2.5; then, 1000mL of each
sample was passed through the cartridge at a flow rate of
7.0mL·min−1. ,e solid phase was dried under vacuum for
30 s, and the analytes were eluted using 3.0mL of ethanol at
1.0mL·min−1. ,e sample was filtered through a teflon
membrane, evaporated, and redissolved in 0.5mL with the
mobile phase A and injected into the chromatograph. To
obtain the extraction procedure able to be applied to the ten
analytes, the following variables were tested: pH (2.0–8.7),
sample (1.0–10.0mL·min−1) and eluent (0.5–3.0mL·min−1)
flow rates, sample (25.0–1000mL) and eluent (1.0–10mL)
volumes, amount of stationary phase (500 and 1000mg), and
chemical nature of the eluent (methanol, ethanol, acetone,
and acetonitrile).

2.3. Equipment and Separation Conditions. ,e chromato-
graphic separation was performed using an HPLC from
,ermo Electron Corporation (Waltham, USA) containing
quaternary pump model Surveyor LC Plus, manual injector
valve of 20 μL Rheodyne Model 8096, UV-Vis photodiode
array detector model Surveyor PDA with quartz cell with
optical path of 5.0 cm, ChromQuest software version 4.2
(Macherey-Nagel, Germany) for acquisition and signal re-
cording and a column RP-18 ODS off base 250× 4.6mm (id)
equipped with a guard column RP-18 ODS 10× 4.0mm (id)
both with particles of 5-micron pore size of 100 Å and
carbon content of 15.5%.

Before the first and after the last injection of the day, the
column was cleaned with ultrapure water for 30.0min at
a flow rate of 0.5mL·min−1. ,e initial conditioning of the
stationary phase was performed by passing mobile phase A
through the column for 20.0min at a flow rate of
1.0mL·min−1. After standard/sample injection (20.0 μL), the
separation process was carried out as follows: 0.0–2.0min
with 100.0% of phase A with the instantaneous change to the
100.0% of phase B and keeping it until 25min always at
a flow rate of 1.0mL·min−1. ,e temperature was fixed at
25°C, and the analytes were monitored at 220 (amoxicillin,
norfloxacin, tetracycline, diclofenac, ibuprofen, nimesulide,
17α-ethynylestradiol and caffeine), 240 (levonorgestrel), and
280 nm (ciprofloxacin), simultaneously. After each analysis,
the column was reconditioned for 10.0min using phase A at
a flow rate of 1.0mL·min−1.

2.4. Optimization of the Chromatographic Method. Preliminary
experiment was done to identify the main variables affecting
the chromatographic separation such as pH (5.0, 6.0, 7.0,
and 8.0), percentage of the organic modifier in the mobile
phase (15.0, 20.0, and 25.0% (v/v)), nature of the organic
modifier (n-butanol, n-propanol, and ethanol), SDS con-
centration (2.5, 3.0, and 3.5% (m/v)), and flow rate (0.8, 1.0,
1.2, and 1.5mL·min−1). ,erefore, a factorial design exper-
iment 23 was carried out in duplicate in order to optimize the
separation conditions and the contribution of the variables
(Na2PO4, ethanol, and SDS concentrations) in the chro-
matographic separation (Table 1).

2.5. Method Calibration, Characterization, and Sample
Analysis. For quantitative determination of pharmaceuti-
cals and caffeine in the water samples, calibration curves
were plotted using the peak area (y) versus concentration of
the analytes in the following ranges: amoxicillin, cipro-
floxacin, diclofenac, ibuprofen, tetracycline, levonorgestrel,
nimesulide, and norfloxacin from 0.1 up to 25.0 mg·L−1;
17α-ethynylestradiol from 0.5 up to 25.0mg·L−1; and caf-
feine from 0.08 up to 25.0mg·L−1.,e calibration curves were
used to determine the analyte concentrations in the samples
and in the blank with and without spiking.

,e LOD and LOQ (n � 10) were estimated using the
signal-to-noise ratio of 3.3 and 10.0, respectively [9], and 7
river water samples were analyzed by the proposed method
and the obtained results were compared to those obtained by
the six comparative HPLC-DAD methods involving SPE
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[18, 24, 29, 30], stir-bar sorptive and liquid desorption [25],
and liquid-liquid extraction [31] methods to the following
analytes: tetracycline [18]; ibuprofen, diclofenac, and
nimesulide [24]; levonorgestrel and 17α-ethynylestradiol
[25]; caffeine [29]; ciprofloxacin and norfloxacin [30]; and
amoxicillin [31].

Sample recovery tests were done spiking the samples
with the following: 5.0µg·L−1 of ibuprofen, 17α-ethynylestradiol,
diclofenac, nimesulide, levonorgestrel, ciprofloxacin, and nor-
floxacin; 10µg·L−1 of tetracycline and caffeine; and 60µg·L−1 of
amoxicillin. After extraction procedure, the extracts were
evaporated completely and stored in the refrigerator; just before
analysis, the samples were redissolved in 0.5mL of the mobile
phase A. ,e spiked samples were analyzed (n � 5) by the
proposed and by comparative methods during five consecutive
days (n � 5).

3. Results and Discussion

3.1. Spectra and Stability of the Analytes. ,e UV-Vis spectra
of analytes showed electromagnetic radiation absorption in
the region between 200 and 600 nm with higher intensity in
theUV region. It is observed that signal overlaps, whichmakes it
difficult for the simultaneous determination of the analytes
without prior separation. It was decided to monitor the ana-
lytical signals at 220, 240, and 280nm, because the molar ab-
sorptivity is high to the majority of the analytes and the mobile
phase absorption is low; the exceptions are levonorgestrel
(λmax� 240nm) and ciprofloxacin (λmax� 280nm) that pre-
sented low molar absorptivity at 220nm. For this reason, the
signals can be monitored at 220nm by laboratories that do not
have chromatograph with PDA detector, but the sensitivity to
levonorgestrel and ciprofloxacin will be poor.

,e UV-Vis spectra also indicated that the analytes were
stable in the mobile phase A for a long period, except tet-
racycline that presented degradation of 4.1, 8.5, 13.4, and
16.0% after 24, 48, 72, and 96 h, respectively. When the
samples were kept frozen and in the absence of light before
analysis, the tetracycline degradation decreased to lower
than 2.0%, indicating that the standards and samples should
be kept under these conditions until analysis.

3.2. Extraction of theAnalytes. Initially, it was decided to use
the C18 phase, control the pH, and use methanol as eluent,

as 10mL of this solvent permitted to get the elution of ten
analytes from the cartridge.

,e sample pH was varied from 2.0 up to 8.5, and pH 2.5
was chosen as the better condition due to the optimum
extraction percentage for most of the analytes. Amoxicillin,
high polar molecule, presented low affinity by the solid
phase, and its recuperation was always lower than 51%,
whereas ibuprofen, diclofenac, and nimesulide presented
high interaction with the solid phase and could only be
eluted around pH 2.0 with recoveries of 83.6, 59.0, and
75.5%, respectively. Ciprofloxacin, norfloxacin, and tetra-
cycline have two positive charges at pH 2.5, and the increase
in the pH reduced their recuperation from 92.0, 89.0, and
100.0% for pH 2.5 to 36.3, 19.4, and 42.2% for pH 8.5, re-
spectively; and caffeine, 17α-ethynylestradiol, and levo-
norgestrel did not suffer a significant change in their
interaction with the solid phase with the pH and presented
recuperation percentages of 94.7, 92.0, and 80.0%, respectively.

A flow rate of 7.0mL·min−1 was chosen as the better
compromise between time and efficiency of extraction; for
this condition, recoveries around 95% were obtained for the
analytes; the exception was amoxicillin (50%). Variations in
the citric acid concentration (2.0, 3.0, and 5.0mmol·L−1) did
not change the extraction efficiencies; thus, 2.0mmol·L−1 of
citric acid was maintained.

,e loading sample volume should be as high as possible
to get high concentration factors. When solutions of the
analytes in the concentrations of 1.0, 0.5, 0.25, 0.05, and
0.025mg·L−1 were associated with extraction sample vol-
umes of 25, 50, 100, 500, and 1000mL (to keeping the final
concentration after elution in 2.5mg·L−1), it was noted an
improvement in the extraction with the increase of sample
volume; however, for the more polar analytes (amoxicillin,
tetracycline, caffeine, and diclofenac), a reduction in the
recovery percentages was observed. For sample volume of
500mL, the best recoveries for most analytes were obtained
with values higher than 85%, except for amoxicillin (15.3%);
however, in order to obtain high concentration factor to
levonorgestrel and 17α-ethynylestradiol hormones, that
could be present at very low concentrations in the samples,
the condition of 1000mL was selected, even with a reduction
in the extraction efficiency to amoxicillin, tetracycline, caf-
feine, and diclofenac.

,e amount of solid phase in the cartridge was also studied,
and it was noted that reducing the amount of solid phase led
to lower extraction efficiency to tetracycline and amoxicillin.
,us, the cartridge with 1000mg of C18 was selected.

In order to achieve the highest possible concentration
factor with minimum use of organic solvents (methanol,
ethanol, acetone, and acetonitrile), the volume of the solvent
was varied (1.5, 3.0, 5.0, 7.0, and 10.0mL) and it was not
observed significant variations in the analytes recoveries
when the eluent was methanol or ethanol and the eluent
volume was varied from 3.0 to 10.0mL; thus, 3.0mL of
ethanol was elected as the better condition due to its low
toxicity. To acetone and acetonitrile, the recoveries were low
to all analytes, mainly to tetracycline, norfloxacin, and
ethynylestradiol. ,e eluent flow rate was varied, and it was
observed a decrease in the extraction efficiencies for all the

Table 1: Factorial experiment 23 to optimize the separation of the
analytes.

Experiment [Ethanol],
% (m/v)

[SDS],
% (m/v)

[Phosphate],
mmol·L−1

1 12 2.5 20
2 15 2.5 20
3 12 3.0 20
4 15 3.0 20
5 12 2.5 30
6 15 2.5 30
7 12 3.0 30
8 15 3.0 30
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analytes to �ow rates higher than 1.0mL·min−1; then, the
eluent �ow rate was 	xed at 1.0mL·min−1.

�us, the 	nal extraction conditions for simultaneous
extraction and concentration of the ten analytes were as fol-
lows: 1000mL of the sample containing 2.0% (v/v) ethanol,
2.0mmol·L−1 citric acid at pH 2.50, C18 cartridge with 1000mg
of the solid phase, and �ow rate of 7.0mL·min−1. After analytes’
retention, the adsorbent was dried under vacuum 30 s and the
analytes were eluted with only 3.0mL of ethanol at a �ow rate
of 1.0mL·min−1. �e solvent was evaporated, and the samples
were redissolved in 0.5mL of a solution with 15.0% (v/v)
ethanol, 3.0% (m/v) SDS, and 20.0mmol·L−1 phosphate bu�er
at pH 7.0 (mobile phase A). Under these conditions, it was
yielded recovery percentage values of higher than 95%, except
to tetracycline (64.3%) and ca�eine (66.0%), and concen-
tration factors higher than 1200, except to amoxicillin (224).

3.3. Chromatographic Separation

3.3.1. Preliminary Tests. �e developed chromatographic
method should be as green as possible, and taking into
account the di�erent polarities of the analytes, it was decided
to exploit the micellar chromatography [32, 33] due to the
possibility to get the solubilization of organic compounds of
low polarity in the aqueous medium and, at the same time,
change the polarity of the C18 stationary phase with the
surfactants. For the task, SDS, CTAB, SDBS, and Triton
X-100 surfactants were tested and the anionic surfactant SDS
was chosen because of its low critical micellar concentration
(cmc of 0.0082mol·L−1 in water), which permits to use lower
surfactant concentration. Furthermore, SDS presents low
light absorption and scattering e�ect in the UV region,
where the analytes should be monitored, allowing to get
lower baseline signals and better sensitivity.

Low toxic organic modi	er solvent to assist the solu-
bilization of the ten analytes in the micellar medium was
chosen after solubility tests with several proportions of
ethanol or n-propanol or n-butanol with water and SDS. It
was observed that solutions containing 15% of ethanol or
butanol or n-propanol together with at least 3.0% SDS and
20mmol·L−1 of phosphate bu�er at pH 7.0 were able to
solubilize all the analytes as well as elute them from the C18
column (Figure 1).�e di�erences in the chromatograms for
the di�erent organic modi	ers can be attributed to the
di�erent polarities of each organic solvent aliphatic chain,
which explains the highest retention time obtained when
ethanol was used as an organic modi	er (Figure 1). Due to
this e�ect, ethanol was considered the better organic modi	er
because it improved the symmetry and chromatographic
resolution of some peaks (except nimesulide, cipro�oxacin,
and nor�oxacin) and is low toxic than n-butanol and
n-propanol. In addition, the use of ethanol permitted the
identi	cation of the tetracycline peak, which could not be
done when it was used n-propanol or n-butanol.

3.3.2. pH E�ect in the Chromatographic Separation. pH is an
important variable to be studied when the analytes have
ionizable groups, as variations in pH can promote changes in

the solubility and in the ionic interactions of analytes with
the micellar medium and with the stationary phase. When
the pH was varied from 6.0 up to 8.0 (Figure 2), ca�eine
(peak 2, pKa 2.19), 17α-ethynylestradiol (peak 6, pKa 9.44),
and levonorgestrel (peak 7, pKa 1.05) did not show sig-
ni	cant variation in their retention time as these compounds
are neutral in that pH range; the di�erent retention time
periods were attributed to their di�erent hydrophobicities.
On the other hand, the density of negative charges increased
with pH to diclofenac (peak 4, pKa 5.35), ibuprofen (peak 5,
pKa 5.82), and nimesulide (peak 8, pKa 7.15), causing large
reduction in their retention time due to the high a¡nity of
the charged analytes by the micellar aqueous mobile phase
and their repulsion by the negatively charged groups of the
surfactants adsorbed on the stationary phase.

Tetracycline (pKa’s 3.94, 7.62, and 9.19), cipro�oxacin
(pKa’s 3.32, 7.12, and 8.42), and nor�oxacin (pKa’s 3.38, 7.16,
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Figure 1: In�uence of the nature of the organic modi	er in the
analyte separation. Solvents: (a) n-butanol, (b) n-propanol, and (c)
ethanol. Data were obtained for standard solution of amoxicillin (1),
ca�eine (2), tetracycline (3), diclofenac (4), ibuprofen (5), 17α-
ethynylestradiol (6), levonorgestrel (7), nimesulide (8), cipro�oxacin
(9), and nor�oxacin (10) in the concentration of 20.0mg·L−1, with
a injected volume of 20 μL, at a �ow rate of 1.0mL·min−1, at 25°C, and
detection at 220nm. Phase A with 3.0% (v/v) of solvent and 0.3%
(m/v) SDS and phase B with 15% (v/v) of solvent and 3.0% (m/v) SDS
and both with 20mmol·L−1 of phosphate at pH 7.0.�emobile phase
was changed from 100% of phase A to 100% of phase B in 30min.A in
the y-axis is the absorbance.
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and 8.45) have positive charge densities in the tested pH
interval and they are the most soluble molecules in aqueous
medium, but their electrostatic interaction with the negative
part of the surfactant chain attached to C18 phase increased
their retention time to values to those obtained with the
hydrophobic compounds. �e e�ect also caused peak
broadening, and at pH 5.0, it was not possible to identify the
tetracycline peak due to excessive molecule retention.
Amoxicillin (pKa’s 3.01, 7.32, and 9.70, pI 5.20) is also an
amphoteric molecule and with the pH reduction from 7.0 to
6.0 (Figures 2(a) and 2(b)), its retention time increased
because the molecule almost reached the neutrality and
became more hydrophobic.

In none of the tested pH conditions was possible to
obtain the chromatographic separation of the ten analytes
with resolutions adequate to their analytical determination.
Due to the di�erent analyte characteristics, they could be
divided into two groups: those with symmetric and thin peaks
and presenting low retention time and those presenting broad

peaks, high retention time, and low e¡ciency and chro-
matographic resolution.

�en, it was decided to do a mobile phase pH gradient
starting with 100% of phase A changing gradually (7.0, 5.0,
and 2.0min) to 100% of phase B (same composition of phase
A at pH 8.0). �e phase with pH 6.0 was not chosen because
some analytes were highly retained in the stationary phase
under this condition (Figure 2).

It was observed that as sooner B phase was introduced,
lower analytes’ retention time and better analytes separation
were obtained, especially to nimesulide (peak 8), cipro-
�oxacin (peak 9), nor�oxacin (peak 10), and levonorgestrel
(peak 7) (Figure 3). �e chromatographic resolution be-
tween diclofenac (peak 4) and ibuprofen (5) worsened, but
without compromising their quanti	cation. �us, it was
concluded that the better pH gradient would be 100% of
phase A until 2.0min with a sudden change to 100% of phase
B 100%. Under this condition, it was possible to get the
separation of the ten compounds with adequate chro-
matographic resolution in only 23.0min (Figure 3(d)).

3.3.3. Variables’ Interactions. �e preliminary experiments
demonstrated that the use of ethanol as an organic modi	er
and gradient of phases A and B were adequate to achieve the
analyte separation; thus, a factorial design 23 (Table 1) with
SDS, ethanol, and phosphate concentrations as variables in
both phases was carried out to verify the main and the
interaction e�ects of variables and their importance in the
analytes separation.

Reducing ethanol concentration in the mobile phase
from 15.0% to 12.0% (v/v) promotes an increase in the
analyte retention time and in time of analysis (experiments 4
and 3, Figure 4).�e e�ect can be explained by the reduction
of nonpolar characteristic of the mobile phase, which is
di¡cult for the elution of the low polar analytes from the C18
phase, which led to an overlap between tetracycline (peak 3)
and diclofenac (peak 4), nimesulide (peak 8) and cipro-
�oxacin (peak 9), and nor�oxacin (peak 10) and levo-
norgestrel (peak 7), decreasing their chromatographic resolutions
(Table 2).

�e reduction in SDS concentration from 3.0% to 2.5%
(m/v), experiments 4 and 2 (Figure 4), also increased the
retention time for peaks 3, 4, 6, 9, 10, and 7.�e reduction in
the number of micelles in the mobile phase increased the
hydrophobic interaction of 17α-ethynylestradiol (peak 6)
and levonorgestrel (peak 7) by C18 phase, causing the
coelution of 17α-ethynylestradiol (peak 6) with nimesulide
(peak 8). �e compounds 3, 4, 9, 10, and 7 increased their
a¡nities by the stationary phase due to electrostatic in-
teractions between analytes, partially positive charged, and
the negative ionized sulfonic acid groups adsorbed on C18
phase. �is factor improved the separation between nime-
sulide (peak 8) and cipro�oxacin (peak 9) and ibuprofen
(peak 9) and nor�oxacin (peak 10) (Table 2).

Analyzing the results furnished by experiments 4 and 8,
it was noted that the increase in the phosphate concentration
(from 20 to 30mmol·L−1), and therefore Na+ concentration,
reduced the a¡nity of ibuprofen (peak 5), nimesulide (peak 8),
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Figure 2: E�ect of pH on the analyte separation. pH: (a) 6.0; (b) 7.0;
(c) 8.0, and (d) 50% of phase A (pH 7.0) and 50% of phase B (pH
8.0). Data were obtained for standard solution of amoxicillin (1),
ca�eine (2), tetracycline (3), diclofenac (4), ibuprofen (5), 17α-
ethynylestradiol (6), levonorgestrel (7), nimesulide (8), cipro-
�oxacin (9), and nor�oxacin (10) in the concentration of
20.0mg·L−1, with an injected volume of 20 μL, at a �ow rate of
1.0mL·min−1, at 25°C, and detection at 220 nm. Mobile phase
contains 15.0% (v/v/) ethanol, 3.0% (m/v) SDS, and 20.0mmol·L−1

of phosphate and isocratic elution.A in the y-axis is the absorbance.
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nor�oxacin (peak 10), and cipro�oxacin (peak 9) by the sta-
tionary phase due to two reasons. First, because ion-exchange
competition between Na+ and the positively charged analytes
by the ionized sulfonic acid groups absorbed onC18 phase and,
second, due to the partial stabilization of the analytes charged
by the phosphate ions. �us, the chromatographic reso-
lutions between diclofenac (peak 4) and ibuprofen (peak 5)
and 17α-ethynylestradiol (peak 6) and nimesulide (peak 8)
decreased from 1.68 and 2.10 to 0.51 and 1.42, respectively
(Table 2). �e variations in ethanol and SDS concentration
practically did not a�ect the amoxicillin peak, whereas
ca�eine experienced a slight increase in its retention time
when ethanol concentration was decreased.

�e association of lower percentages of SDS and ethanol
led to higher time of analysis (30min), and despite an
improvement in the resolution between peaks 6 and 10, the

resolution between diclofenac (peak 4) and ibuprofen (peak 5)
decreased (Figure 4, experiment 1, Table 2). Furthermore,
when these factors were associated with higher phosphate
concentrations (Figure 4, experiment 5), it was observed the
coelution of diclofenac (peak 4) and ibuprofen (peak 5) and
17α-ethynylestradiol (peak 6) and nimesulide (peak 8).

From the main e�ects (Table 3), it was possible to note
that ethanol factor improved the chromatographic resolu-
tion between the analytes, especially between peaks 4 and 5,
the exception was between peaks 6 and 8. �e SDS factor
improved the resolution between peaks 6 and 8 and
worsened it to peaks 8 and 9. �e phosphate factor reduced
the resolution between peaks 6 and 8 and increased it to
peaks 3 and 4. SDS promoted the higher increase in the time
of analysis followed by ethanol, whereas the phosphate
concentration presented a contrary e�ect and induced the
reduction in the time of analysis.

�e second-order (AB, AC, and BC) and third-order
(ABC) interaction e�ects indicated intense variable in-
teractions (Table 3), showing that the variables could not be
studied in an independent form. �e ethanol-SDS in-
teraction was signi	cant to increase the resolution between
peaks 3 and 4 that was not critical but decreased the
chromatographic resolution between peaks 4, 5, 6, and 8 and
increased the time of analysis. �e ethanol-phosphate in-
teraction was important to increase the resolution between
peaks 6 and 8 and contributed to decreasing the resolution
between peaks 3 and 4 and 8 and 9. �e SDS-phosphate
interaction increased the resolution between peaks 8 and 9
and decreased the resolution between peaks 4 and 5 and 6
and 8. �e ethanol-SDS-phosphate interaction increased the
time of analysis as well as the resolution between peaks 8 and
9 but decreased the resolution between peaks 4 and 5 and 6
and 8 (Table 3).

Considering all variable e�ects, it was concluded that
experiment 4 presented the best characteristics; under this
condition, it was possible to separate the ten analytes in only
23.0min always with chromatographic resolution better
than 1.45.

�e e�ect of the �ow rate in the analyte separation
showed that, for �ow rate values higher than 1.0mL·min−1,
the chromatographic resolutions worsened, and the sepa-
ration between tetracycline and diclofenac, diclofenac and
ibuprofen, and cipro�oxacin and nor�oxacin was poor, then
1.0mL·min−1 was selected. �us, the 	nal separation con-
ditions were as follows: mobile phase with 15.0% (v/v)
ethanol, 3.0% (m/v) SDS, 20.0mmol·L−1 phosphate bu�er
at pH 7.0 to phase A and 8.0 to phase B; maintaining 100% of
phase A until 2.0min with abrupt change to 100% of phase B;
�ow rate of 1.0mL·min−1; 25°C; injected volume of 20 μL;
monitoring the signals at 220, 240, and 280 nm; and time of
analysis of 23.0min (Figure 4, experiment 4).

3.4. Calibration, Characterization, and Sample Analysis. �e
analytical curves for the ten analytes in the concentra-
tion range of 0.10 up to 25.0 mg·L−1 for amoxicillin,
diclofenac, ibuprofen, levonorgestrel, nimesulide, tetracy-
cline, cipro�oxacin, and nor�oxacin; 0.5 up to 25.0mg·L−1 for
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Figure 3: E�ect of the pH gradient on the analyte separation.
Gradients: (a) 7.0min, (b) 5.0min, (c) 2.0min, and (d) isocratic
until 2.0min. Data were obtained for standard solution of
amoxicillin (1), ca�eine (2), tetracycline (3), diclofenac (4), ibu-
profen (5), 17α-ethynylestradiol (6), levonorgestrel (7), nimesulide
(8), cipro�oxacin (9), and nor�oxacin (10) in the concentration of
20.0mg·L−1, with an injected volume of 20 μL, at a �ow rate of
1.0mL·min−1, at 25°C, and detection at 220 nm. Mobile phase
contains 15.0% (v/v/) ethanol, 3.0% (m/v) SDS, and 20.0mmol·L−1

of phosphate at pH 7.0 (phase A) and pH 8.0 (phase B). A in the
y-axis is the absorbance.
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17α-ethynylestradiol; and 0.08 up to 25.0mg·L−1 for ca�eine
were linear always with R2 better than 0.992. �e limits of
detection (LOD) and quanti	cation (LOQ), n � 10, consid-
ering the signal/noise ratio of 3.30 and 10.0 times, respectively,
were estimated between 0.019 and 0.247mg·L−1 and 0.058 and
0.752mg·L−1 for ca�eine and 17α-ethynylestradiol, respectively.

When the proposed method was applied to the analysis
of the 7 water samples, the standard deviation was ca. 2% and
the peaks showed to be free of interferences. �e results
furnished by the proposed method are in agreement with
those obtained by the comparative chromatographic
methods (Table 4). Furthermore, the obtained results to
sample recovery tests were consistent with high recovery
values and low standard deviations (Table 5).

Considering all the obtained results, the proposed
method presented analytes average recovery of 99.12% and
intraday (n � 3) and interday (n � 5) precision of 1.11% and
2.30%, respectively, whereas the comparative methods
presented analytes average recovery of 98.64% and intraday
(n � 3) and interday (n � 5) precision of 1.34% and 2.97%,
respectively, indicating that the proposed method furnished
results similar to those obtained by the comparative
methods, but with the di�erence that it was necessary to
carry out more than onemethod for the determination of the
ten analytes.

�e analysis of river water samples indicated the pres-
ence of ca�eine in all the samples with concentrations
ranging from 0.071mg·L−1 to 1.204mg·L−1, probably due to
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the human activities. It was verified the presence of anti-
biotics in three streams: tetracycline and norfloxacin in
Cleópatra stream, norfloxacin in the Mandacarú stream, and
ciprofloxacin in the Morangueiro stream (Table 4).

,e proposed chromatographic and extraction method
presented high accuracy and precision for the analysis
of water samples, allowing the quantification of the ten
analytes with only one extraction and chromatographic
method.

4. Conclusions

,e proposed extraction and determination method dem-
onstrated to be able to do the extraction and determination
of tetracycline, ibuprofen, 17α-ethynylestradiol, caffeine,
diclofenac, nimesulide, levonorgestrel, ciprofloxacin, nor-
floxacin, and amoxicillin using a green mobile phase
(15.0% (v/v) ethanol, 3.0% (m/v) SDS, and 20.0mmol·L−1 of
phosphate at pHs 7.0 and 8.0) and to extract the analytes in

Table 2: Chromatographic resolutions obtained in the factorial design.

Factorial design Rs (1-2) Rs (2-3) Rs (3-4) Rs (4-5) Rs (5-6) Rs (6-8) Rs (8-9) Rs (9-10) Rs (10-7)
1 7.17 5.98 1.27 0.53 9.89 1.62 2.75 1.37 1.58
2 6.39 6.60 0.96 0.98 14.11 0.00 3.42 1.40 2.83
3 6.77 5.98 0.85 1.59 9.07 3.66 1.30 1.06 1.24
4 6.64 6.58 2.18 1.69 8.70 2.10 1.55 1.45 2.33
5 7.04 5.33 1.99 0.00 13.44 0.00 2.01 1.42 2.49
6 6.90 5.61 1.06 1.36 10.08 1.30 1.41 1.23 2.81
7 6.99 4.89 1.85 1.08 9.48 1.23 1.26 1.33 2.76
8 5.78 6.26 2.49 0.51 13.53 0.92 1.22 1.47 5.16
Amoxicillin (1), caffeine (2), tetracycline (3), diclofenac (4), ibuprofen (5), 17α-ethynylestradiol (6), levonorgestrel (7), nimesulide (8), ciprofloxacin (9), and
norfloxacin (10).

Table 3: Main effects, interaction among the variables, and time of analysis.

Factor
Effects

Rs (3-4) Rs (4-5) Rs (6–8) Rs (8-9) Rs (9-10) Time of analysis
A-ethanol 0.190 0.310 −0.580 0.055 0.100 1.730
B-SDS 0.530 0.460 1.150 −1.070 −0.030 4.630
C-phosphate 0.520 −0.410 −0.950 −0.790 0.037 −0.170
AB 0.800 −0.520 −0.390 0.043 0.170 0.280
AC −0.320 0.026 0.950 −0.390 −0.120 0.075
BC 0.096 −0.420 −0.820 0.590 0.110 −0.025
ABC −0.029 −0.370 −0.320 0.240 −0.023 0.370
SD ±0.004 ±0.048 ±0.130 ±0.005 ±0.005 ±0.048
Tetracycline (3), diclofenac (4), ibuprofen (5), 17α-ethynylestradiol (6), nimesulide (8) ciprofloxacin (9), and norfloxacin (10).

Table 4: Analyte determination by the proposed and conventional methods.

Sample Proposed method Conventional methods
Analyte Concentration Concentration

Moscados stream (μg·L−1) Caf 0.109± 0.002 0.086± 0.011

Cleópatra stream (μg·L−1)
Caf 1.204± 0.034 1.358± 0.020
Tetr 0.188± 0.007 0.195± 0.009

Norflo 0.463± 0.022 0.427± 0.038
Borba Gato stream (μg·L−1) Caf 0.140± 0.005 0.136± 0.002

Mandacarú stream (μg·L−1) Caf 0.742± 0.024 0.766± 0.038
Norflo 0.380± 0.016 0.395± 0.011

Morangueiro stream (μg·L−1) Caf 0.367± 0.020 0.371± 0.014
Cipro 0.295± 0.010 0.281± 0.019

Maringá stream (μg·L−1) Caf 0.173± 0.010 0.190± 0.012
Potable water (μg·L−1) Caf 0.071± 0.003 0.064± 0.007
,e conventional methods used were as follows: tetracycline [18]; ibuprofen, diclofenac, and nimesulide [24]; levonorgestrel and 17α-ethynylestradiol [25];
caffeine [29]; ciprofloxacin and norfloxacin [30]; amoxicillin [31].
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Table 5: Recovery tests for water samples.

Proposed method Conventional methods

Sample Analyte Recovery (%) Precision (RSD, %) Recovery (%) Precision (RSD, %)
(n � 3) Intraday (n � 3) Interday (n � 5) (n � 5) Intraday (n � 3) Interday (n � 5)

Moscados stream

Caf 99.52 0.94 1.53 98.39 1.21 1.67
Tetra 98.64 1.33 2.89 96.67 2.04 2.55
Cipro 98.92 2.45 3.90 96.20 2.83 4.81
Norflo 99.14 1.09 1.47 98.80 1.55 2.39
Diclo 99.45 1.77 0.95 99.94 0.90 1.96
Ibup 98.20 1.61 2.11 98.85 1.32 1.42
Nime 98.35 2.83 4.54 98.97 2.29 3.11
Ethynyl 97.21 0.97 3.02 99.91 1.48 2.27
Norg 99.08 3.14 4.67 99.87 2.11 2.89
Amox — — — 97.35 1.76 1.53

Cleópatra stream

Caf 97.85 2.37 3.10 98.78 1.05 2.14
Tetra 99.71 0.59 2.48 99.89 1.49 2.95
Cipro 98.22 0.83 1.26 98.96 1.68 3.28
Norflo 101.30 1.11 1.45 100.13 2.27 1.99
Diclo 99.45 0.76 1.90 98.32 1.84 2.56
Ibup 99.60 1.28 2.34 98.88 1.16 1.59
Nime 98.50 0.67 1.19 97.83 2.08 2.31
Ethynyl 99.31 1.04 1.72 98.36 1.53 2.47
Norg 98.06 0.95 1.58 98.97 1.87 2.08
Amox — — — 98.60 1.29 1.84

Borba Gato stream

Caf 98.23 0.61 1.04 98.52 2.08 3.77
Tetra 99.11 1.58 3.27 99.01 1.73 2.01
Cipro 97.89 1.13 1.85 99.27 0.99 1.63
Norflo 98.04 1.20 2.01 99.17 1.62 1.94
Diclo 99.55 0.44 1.33 98.05 1.31 2.22
Ibup 99.19 0.82 1.59 98.82 1.47 1.98
Nime 100.73 0.57 1.98 99.51 0.84 1.72
Ethynyl 99.82 1.28 2.10 98.46 1.10 2.36
Norg 98.44 0.49 1.67 99.04 1.26 1.93
Amox — — — 98.63 0.63 1.69

Mandacarú stream

Caf 100.91 1.23 1.81 98.39 0.55 1.14
Tetra 97.36 1.05 2.17 98.67 1.62 2.51
Cipro 99.94 1.41 2.32 97.20 1.28 1.93
Norflo 99.12 1.95 3.06 98.80 1.99 2.48
Diclo 101.33 1.03 1.90 99.94 2.11 2.83
Ibup 99.60 0.55 1.26 98.85 1.33 1.70
Nime 99.82 0.81 1.78 97.77 0.81 1.66
Ethynyl 99.01 0.90 1.63 99.91 1.55 3.90
Norg 100.29 0.78 1.99 99.87 0.90 1.93
Amox — — — 99.35 1.22 2.07

Morangueiro stream

Caf 99.14 0.32 0.98 98.78 0.95 1.57
Tetra 98.52 0.70 1.53 99.89 0.49 1.00
Cipro 98.05 1.51 2.49 98.96 1.35 2.41
Norflo 98.81 1.63 2.72 100.13 1.21 2.27
Diclo 99.20 0.76 1.44 98.32 0.88 1.82
Ibup 100.33 0.52 0.97 98.88 2.04 2.89
Nime 98.87 1.11 2.06 97.83 1.59 2.70
Ethynyl 99.00 0.83 1.88 98.33 1.11 1.40
Norg 100.94 1.47 2.91 98.97 0.97 1.34
Amox — — — 99.04 0.83 0.90

Maringá stream

Caf 97.99 1.14 2.03 98.52 0.66 1.32
Tetra 99.10 0.95 1.82 99.01 1.01 1.83
Cipro 97.66 1.98 3.06 98.27 1.44 1.68
Norflo 98.34 1.32 2.21 99.17 1.27 2.83
Diclo 99.62 1.77 3.48 99.05 0.59 1.16
Ibup 98.41 0.92 1.85 98.82 1.33 2.29
Nime 99.97 1.06 1.95 98.51 0.78 2.04
Ethynyl 98.55 1.20 1.79 98.46 1.11 1.98
Norg 99.67 1.00 1.53 99.04 1.50 2.10
Amox — — — 98.63 0.95 1.93
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only one procedure using a C18 cartridge and ethanol as
eluent. ,e method was selective, robust, simple, fast, and
inexpensive, presented adequate LOD and LOQ, and it
can be an important tool for laboratories dedicated to the
analysis of emerging pollutants that do not have MS
detector.
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A method for the quantitative determination of dibutyl phthalate (DBP), benzyl butyl phthalate (BBP), bis(2-ethylhexyl) adipate
(DEHA), bis(2-ethylhexyl) phthalate (DEHP), di-n-octyl phthalate (DNOP), dioctyl terephthalate (DOTP), diisononyl phthalate
(DINP), and diisodecyl phthalate (DIDP) inmedical infusion sets was developed and validated using gas chromatography coupled
with triple quadrupole mass spectrometry (GC-MS/MS) in the multiple reaction monitoring (MRM) mode. Solvent extraction
with polymer dissolution for sample preparation was employed prior to GC-MS/MS analysis. Average recoveries of the eight
target analytes are typically in the range of 91.8–122% with the relative standard deviations of 1.8–17.8%. .e limits of quan-
tification (LOQs) of the analytical method were in the ranges of 54.1 to 76.3 ng/g. Analysis using GC-MS/MS provided reliable
performance, as well as higher sensitivity and selectivity than GC-MS analysis, especially for the presence of minority plasticizers
at different concentrations.

1. Introduction

Phthalates as a class of synthetic chemicals are widely used in
a variety of consumer products including medical devices,
toys for children, food wrapper, building materials, auto-
motive parts, and so on [1–3]. Since they may cause harm to
human health by altering endocrine function or through
other biological mechanisms [4], environmental monitoring
of phthalates has been accomplished from various media
(air, soil, food, water, etc.) [5–9]. Most medical devices are
made of flexible polyvinylchloride (PVC), a produced
synthetic plastic polymer due to its numerous benefits,
which include chemical stability, biocompatibility, clarity
and transparency, flexibility, durability, chemical and
mechanical resistance, sterilizability, and low cost [10].

Since plastics are mainly used as plasticizers to soften PVC,
phthalates are abundant in PVC-based medical devices, and
they may enter into contact with the patients through
leaching out into infused solutions [11, 12]. .e larger
molecular weight phthalates—di(2-ethylhexyl) phthalate
(DEHP), di-n-butyl phthalate (DBP), and diisononyl
phthalate (DINP)—are suspected carcinogens, toxic to liver,
kidneys [13], and reproductive organs [14]. Benzyl butyl
phthalate (BBP), DBP, and DEHP are weakly estrogenic [15].
.ere have been reports of extraction of phthalates such as
BBP, DBP, and DEHP in dialysis tubing and infusion bags
[16, 17]. Consequently, the European Chemicals Agency
(ECHA) recommended that several compounds of very high
concern should not be used without specific authorization.
Furthermore, according to South Korea Ministry of Food
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and Drug Safety (MFDS) regulation, phthalates within in-
travascular administration products including DEHP, DBP,
and BBP are no longer being used in the production of
medical infusion sets since July 2015.

Due to the expanding use of phthalates and assimilated
analytes in medical devices, the analytical methods for
plasticizers from infusion sets are increasing in order to
create plans for safety. Several analytical methods capable of
detecting and quantifying the alternative plasticizers in
medical devices have been developed and validated bymeans
of separative and nonseparative methods up to date [18]..e
separative methods have been adopted with gas chroma-
tography, supercritical fluid chromatography [19], and liq-
uid chromatography combined with various detectors such
as mass spectrometer, flame ionization detector, evaporative
light scattering detector, or UV techniques. Nonseparative
methods have been performed on a nuclear magnetic res-
onance and Fourier transform infrared spectrometry
[20, 21]. Among these methods, gas chromatography cou-
pled with mass spectrometry was the most specific and
sensitive method and suggested to be a suitable method to
perform a regulatory control. Furthermore, application of
GC-triple quadrupole mass spectrometry (GC-MS/MS) is
recently increasing in terms of quantitative confirmation in
various matrices [22].

For the sample preparation, an easy and inexpensive
technique is polymer dissolution which is well known as
a solid-liquid extraction [23]. .e whole polymer is first
dissolved in a solvent-like tetrahydrofuran (THF) or
dimethylacetamide [24, 25]. After then, when solvent is
added to the dissolution for solvent extraction, PVC-based
polymers are removed by precipitation. .ere are already
two publications by Gimeno et al. and Bourdeaux et al.
dealing with the GC-MS analysis of phthalates and assim-
ilated analytes in medical devices [26, 27]. But the viewpoint
of the detection level and target analytes is clearly different
from our study. It is important to monitor the presence of
the minority plasticizers, as well as the majority, because
their migration and toxic potential can be extremely dif-
ferent depending on their chemical properties. Furthermore,
alternative plasticizers and mixtures have been increasingly
developed to provide flexibility for medical devices in these
days. Also, their concentration levels in the samples can be
quite varied, but they should be evaluated depending on the
type of phthalates and assimilated analytes. Accordingly, the

identification and quantification of toxic plasticizers in
medical devices, especially the tubings of medical infusion
sets, are needed since they are able to leach from infusion
sets and result in human exposure directly.

.e aim of this study was to evaluate the capabilities of
GC-MS/MS for the quantification of phthalates and assimi-
lated analytes from infusion sets. Analysis using GC-MS with
a single quadrupole mass analyzer has been typically used in
most cases for the determination of phthalates and assimilated
analytes in medical devices. However, this method requires
a cleanmatrix to avoid the interference of unwanted ions [28].
By conducting interlaboratory collaborative studies, it was
found that there was a lack of accuracy and precision for
quantitative GC/MS analysis due to insufficient cleanup
procedures. .e advantages of the proposed method rely also
on the fact that there is no need for complete chromato-
graphic separation due to the MRM mode. As for the sample
preparation according to polymer dissolution, GC-MS/MS
provides sensitive, efficient, and reliable results. .is method
would be a useful tool to control the safety of intravascular
administration set and assess unintended harmful substances,
especially for the presence of both majority and minority
plasticizers at the level of various concentrations.

2. Materials and Methods

2.1. Chemicals and Reagents. Standard solutions of eight
analytes (BBP, DBP, DEHA, DEHP, DNOP, DOTP, DINP,
and DIDP; see Table 1 for their full chemical names and
information) for GC-MS/MS analysis were purchased from
Sigma-Aldrich (St. Louis, MO, USA), and stock solution was
at a concentration of 2000mg/L in hexane. Internal stan-
dards of benzyl benzoate (BB) were purchased from Sigma-
Aldrich (St. Louis, MO, USA) and used at a concentration of
100mg/L in hexane as a stock solution. Organic solvents
(hexane and THF) of the GC analysis grade were purchased
from Burdick & Jackson (Philipsburg, NJ, USA).

2.2. Preparation of Samples. 50mg of small pieces from the
tubings in medical infusion sets in 5mL of THF was sonicated
at room temperature for 30min in a glass tube. Subsequently,
10mL of hexane was added into the glass tube, and the so-
lution was vortexed for the precipitating polymer matrix.
After precipitating the polymermatrix, the solution was left as

Table 1: Summary of chemical information and instrument conditions of target analytes.

Compounds Abbreviation CAS
number Formula M.W.

(g/mol)
R.T.
(min) Precursor ion Product ion Collision

energy (eV)
Dibutyl phthalate DBP 84-74-2 C16H22O4 278.35 10.126 149 121 12
Benzyl butyl phthalate BBP 85-68-7 C19H20O4 312.37 13.734 149 121 11
Bis(2-ethylhexyl) adipate DEHA 103-23-1 C22H42O4 370.57 14.032 129 101 2
Bis(2-ethylhexyl) phthalate DEHP 117-81-7 C24H38O4 390.56 15.251 149 121 13
Di-n-octyl phthalate DNOP 117-84-0 C24H38O4 390.56 16.642 279 149 3
Dioctyl terephthalate DOTP 6422-86-2 C24H38O4 390.56 16.716 261 149 8
Diisononyl phthalate DINP 20548-62-3 C26H42O4 418.61 17.482 293 149 3
Diisodecyl phthalate DIDP 26761-40-0 C28H46O4 446.67 18.877 307 149 4
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WTit was for 10min. 0.5mL of supernatant extracted samples was
transferred into a 2mL of vial while 100 ng of internal
standard was added. A total volume of 1mL was homoge-
nized and �ltered by an Acrodisc 0.2 µm GHP syringe �lter.

2.3. Analysis Using GC-MS/MS. Analysis was performed by
an Agilent 7890B gas chromatograph, equipped with a 7010
mass selective detector triple quadrupole mass spectrometer
system (Palo Alto, CA, USA). Chromatographic separation
was achieved using a DB-5MS UI (5% diphenyl-95% di-
methyl siloxane phase, 30m× 0.25mm I. D; 0.25 µm �lm
thickness) from a J&W Scienti�c (Santa Clara, CA, USA)
capillary column. �e temperature of injector was 300°C.
One microliter of each extract was injected in the split mode
(2 : 1). Helium as carrier gas (99.999%) �ow was 1mL/min.
�e GC oven temperature program was as follows. �e
initial temperature of 150°C was held for 3min after injection
before it was increased up to 300°C at 10°C/min held for
12min. Nitrogen (99.999%) was used as collision gas. �e
running time was 30min, divided into seven segments of
time for each selected product ion to increase sensitivity and
selectivity.�e transfer line and ion source temperature were
set at 250 and 230°C, respectively. �e mass spectrometer is
tuned on electron impact ionization (EI) at 70 eV in the
multiple reaction monitoring (MRM) mode.

3. Results and Discussion

3.1. Sample Preparation. Previous studies and conventional
extraction techniques, including Soxhlet, solvent extraction,
or a method that �rstly dissolves the whole polymer and then

separates the plasticizers from the PVC by precipitation, are
suggested. Due to the large volume of solvent needed and the
long procedure times, solvent extraction after the polymer
dissolution at room temperature has been used as an al-
ternative e¢cient and simple technique instead of Soxhlet
extraction [10]. In this study, 50mg of the cutting infusion
tube was dissolved in 5mL of THF and sonicated for 30min.
�e mixed solution was left for 10min or more, and then the
polymer was precipitated due to di§erence in polarity be-
tween THF and hexane. According to the solvent used for
the phthalate extraction, an organic solvent such as
dichloromethane [29] or acetone [30], hexane, and aceto-
nitrile [31] has been used. �e selection of di§erent solvents
for extraction can have signi�cant e§ects on the discrimi-
nation of target analytes from the sample matrix, as well as
the extraction recoveries [32]. Although the advantage of
this sample preparation is simple without puri�cation, the
matrix e§ect based on the di§erent organic plastic additives
in infusion sets can lead to false results of target analytes
[33]. As an extraction solvent after the polymer dissolution,
hexane was chosen because the partitioning of the extract
with hexane was able to minimize matrix interferences
compared with other solvents. Figure 1 shows the total ion
chromatograms of the hexane extracts after polymer dis-
solution in three domestic infusion sets using a GC-MS
system. Sample A clearly showed a large amount of DEHP
released from the sample suspected to be the PVC sets.
Although the use of DEHP in medical tubing has been
restricted, it is still used in medical devices within the
medical industrial �eld. In the case of samples B and C,
diisooctylphthalate (DIOP) and trioctyl trimellitate (TOTM)
were mainly detected, respectively. �ese chemicals could be
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Figure 1: Total ion chromatograms of the hexane extracts after polymer dissolution in tubings of three domestic medical infusion sets.
In the TICs, majority plasticizers for each sample are represented in a chromatogram with the three main peaks, each identi�ed by
di§erent colors.
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used as alternatives to regulated analytes in domestic
medical devices, with their unwanted ions interfering with
the detection of the target analytes. For spiking experiments,
polyurethane (PU) sample containing none of the eight
target analytes was used to evaluate the suitability of the
analytical method.

3.2. GC-MS Analysis. A gas chromatography coupled with
single quadrupole mass spectrometer with selected ion
monitoring (SIM)mode has been frequently used to evaluate
the analytical performance and validation for quantitative
analysis in the clinical research field owing to high sensitivity
and the ability to achieve low limits of detection [34]. Based
on the test method of the standard operating procedure for
the determination of phthalates in PVC products by the
U.S. Consumer Product Safety Commission’s (CPSC) test-
ing laboratory (LSC) [35], three laboratories were involved
in an interlaboratory collaborative study to test the practi-
cability of the modified CPSC method for the quantitative
determination of phthalates and assimilated analytes in
infusion tubing samples. Accuracy, precision, and linearity
as evaluation parameters between laboratories were per-
formed using the sample preparation procedures (Section
2.2) with the same type of commercial GC-MS instrument.
All the investigated calibration curves were obtained by the
acceptable correlation coefficients (R2> 0.99) at five con-
centrations ranging from 0.05 to 5 μg/g for DBP, BBP, DEHA,
DEHP, DNOP, and DOTP and from 0.15 to 15 μg/g for DINP
and DIDP, respectively. However, it was found that there was
a lack of accuracy and precision from the results of the spike
recovery comparison of collaborative studies. .e accuracy
and precision were assessed by recovery experiments between
laboratories using triplicate target analyte free samples spiked
with three different concentration points (low, middle, and
high) in the calibration range compared with the pure au-
thentic standards. Over 60% of the 144 individual results
reported fell outside of the acceptable limits for recov-
eries (normally ranging from 70 to 130%) and precision
(<20% RSD). .ese results indicated that the analytical
method of extraction solvent after the polymer dissolution in
the medical infusion sets followed by GC-MS was unsuitable
for the determination of trace level concentration of phthalates
and assimilated analytes. As mentioned by the U.S. Consumer
Product Safety Commission (CPSC), it was intended to ad-
dress the determination of concentrations of more than 0.1
percentage per plasticized component part of toys for children
or child care article in order to protect children from hazard
[35]. .erefore, triple quad GC-MS system allows the sim-
plification of sample preparation while maintaining high
selectivity and sensitivity when targeting trace level of analytes
in complex sample extracts [36].

3.3. Optimization of the GC-MS/MS Conditions. For GC-
MS/MS analysis using the triple quadrupole, full-scan
spectra were obtained to select the precursor ions of each
target analyte. Figure 2 shows the full-scan MS/MS data of
each analyte to optimized MRM transitions. A mass-to-
charge ratio of 149 or 129 was selected as precursor ions

of DBP, BBP, DEHA, and DEHP due to their highest mass
intensity. Mass-to-charge ratios of 279, 261, 293, and 307
were selected as precursor ions of DNOP, DOTP, DINP, and
DIDP generally considered as confirmation ions for in-
creasing selectivity. Collision-induced dissociation (CID) for
selected precursor ions using 99.999% nitrogen was acquired
to find the appropriate collision energy of each analyte. To
determine collision energies (CEs) for both the quantifying
and qualifying MRM ion transitions, they were varied be-
tween 2 and 20 eV and optimized as shown in Table 1. .is
shows that the precursor ions and dominant fragmented
ions of phthalates in EI ionization were typically m/z 149,
corresponding to the protonated phthalic anhydride ion
[C8H5O3]+ [37]. .e useful dissociation pathway for
phthalates was provided by the relatively low collision en-
ergy of the molecular ion. Figure 3 shows the mass spectral
fragmentation pathway of DINP in the MRM mode as an
example. .e molecular ion loses the alkyl fragment ac-
companied by two hydrogenmigrations. Since themolecular
ion peak for phthalates with long chain alkyl groups is
usually weak, it was not always present in the mass spectra.
But the ions loosing alkyl group [M-R]+ and those with
oxygen [M-OR]+ fragments can be a secondary form of
identification [38]. In theMRMmode, m/z 293 cleaved again
to m/z 149, losing the remaining alkyl fragment as shown in
Figure 3. .e main product ion from m/z 149 is m/z 121,
resulting from fragmentation with loss of the aldehyde
group. A similar fragmentation pattern was observed in the
other analytes except different alternative plasticizers such as
bis(2-ethylhexyl) adipate as shown in Figure 2.

To verify the presence of target analytes in matrix blank
samples, 5 μg/g (the concentration of solid by weight) was
spiked in the matrix sample and the same experimental
process was conducted. .e spiked and matrix blank sample
were analyzed by the same instrument condition. Figure 4
shows MRM chromatograms of matrix blank sample (a) and
those spiked with target analytes (5 μg/g) (b). As a result,
target analytes were not observed in the matrix blank
sample, and each peak of target analytes were separated
clearly in the MRM mode.

3.4. Analytical Performance. Method validation was per-
formed by spike recovery experiments based on the opti-
mized analytical methods. In this study, benzyl benzoate was
used as an internal standard (IS) for target analytes. .e
calibration curves were generated in the range of 5–500 ng/g
using a least-square linear regression analysis. .e corre-
lation coefficients were all greater than 0.999 compared with
results obtained by GC-MS. .e limit of quantification
(LOQ) for each analyte was determined in accordance with
ICH guidelines [39]. .e calculated LOQs ranged from 54.1
to 76.3 ng/g, and they were approximately 20 times lower
compared with the results from the latest study which was
performed to determine LOQ by the GC/MS method [18].
To validate the accuracy and precision of the analytical
method, three replicate analyses of matrix blank samples
spiked with the known amounts of the analytes at low and
middle concentration levels (17 and 100 ng/g) were prepared
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and determined by the analytical procedure. �e accuracy
and precision were assessed by the average recovery and
percentage relative standard deviation (%RSD) of three
results at each concentration, as shown in Table 2.�e average
recoveries of eight analytes ranged from 91.8% to 122%, with
RSDs ranging from 1.8% to 17.8%. �e linearity, LOQ,

accuracy, and precision were summarized in Table 2. �e
developed method was applied to determine the regulated
plasticizers in domestic infusion sets. As detected infusion sets
containing DEHP (5.4 μg/g) and DOTP (153.7 μg/g), the
chromatogram obtained by the GC-MS SIM mode (a) in
comparison with the corresponding chromatogram obtained
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Figure 2: Full-scan MS/MS data of each target analyte to optimized MRM transitions. Each individual parent ion scan experiment is
represented as follows: (1) dibutyl phthalate (DBP); (2) benzyl butyl phthalate (BBP); (3) bis(2-ethylhexyl) adipate (DEHA); (4) bis(2-
ethylhexyl) phthalate (DEHP); (5) di-n-octyl phthalate (DNOP); (6) dioctyl terephthalate (DOTP); (7) diisononyl phthalate (DINP); (8)
diisodecyl phthalate (DIDP).
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by the GC-MS/MS MRM mode (b) are shown in Figure 5.
Due to the presence of relatively high concentrations of
DEHP and DOTP, the calibrations with ten times lower
concentration of internal standard, but using the same
analyte concentration range, were adopted, and their
concentrations in the sample were multiplied by the di-
lution factor. Upon comparing the chromatograms,
the superiority of MRM was obvious. In the MRM mode,
the baseline noise of the chromatogram was reduced
and distinct peaks appeared, whereas the interferences

observed in the SIM mode even look like a false-positive
DNOP peak. Apparently, MRM gave higher sensitivity
and selectivity than the SIM mode for the determination
of target analytes in medical infusion sets.

4. Conclusion

�e suitability of solvent extraction with the polymer dis-
solution method followed by the GC-MS/MS MRM
mode for the determination of eight regulated plasticizers
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Figure 3: Fragmentation pathway of diisononyl phthalate (DINP) in theMRMmode. A similar fragmentation pattern is found for the other
target phthalates. �e dominant fragmented ion of m/z 149 in phthalates is able to distinguish among di§erent alternative plasticizers, such
as bis(2-ethylhexyl) adipate (DEHA).
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(DBP, BBP, DEHA, DEHP, DNOP, DOTP, DINP, and
DIDP) in the tubing of medical infusion sets was described.
�e validated method was successfully used to analyze the
samples of medical infusion sets, maintaining high sensi-
tivity and selectivity. �e LOQ of this study using the
GC-MS/MS MRM mode was lower than those of other
studies using conventional GC-MS. �e proposed method
could be a useful tool to control the safety of intravascular
administration sets and to assess unintended harmful sub-
stances, especially plasticizers. Furthermore, it will be helpful
for biomonitoring as a methodology for tracking the fate of
these chemicals associated with human exposures through

direct contact and use because the analytical method enables
the trace level determination of target analytes.
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Table 2: Linearity, LOQ, accuracy, and precision of target analytes in tubings of medical infusion sets.

Compound R2∗ LOQ (ng/g)†
17 ng/g‡ 100 ng/g‡

Accuracy (%) Precision (%RSD) Accuracy (%) Precision (%RSD)
DBP 0.9996 59.5 122 1.8 100 11.4
BBP 0.9996 58.6 104 5.8 103 13.4
DEHA 0.9994 56.9 95.9 4.1 91.8 12.4
DEHP 0.9991 76.3 113 2.0 99.7 13.2
DNOP 0.9993 54.1 116 13.5 98.0 16.0
DOTP 0.9997 75.5 98.8 5.4 118 11.5
DINP 0.9991 72.4 121 17.8 109 9.8
DIDP 0.9994 64.1 109 11.0 92.6 9.2
∗�e square of the correlation coe¢cient; †limit of quantitation (LOQ) refers to the lowest concentrations that can be quanti�ed with adequate accuracy and
precision; ‡the concentrations of the analytes in the spiked samples.
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ethylhexyl) phthalate in plastic medical devices,” Hemijska
Industrija, vol. 70, no. 2, pp. 159–164, 2016.

[18] L. Bernard, D. Bourdeaux, B. Pereira et al., “Analysis of
plasticizers in PVCmedical devices: Performance comparison
of eight analytical methods,” Talanta, vol. 162, pp. 604–611, 2017.

[19] R. Z. Al Bakain, Y. Al-Degs, B. Andri, D..iébaut, J. Vial, and
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+e primary aromatic amines (PAAs) are food contaminants which may exist in packaged food. Polyurethane (PU) adhesives
which are used in flexible packaging are the main source of PAAs. It is the unreacted diisocyanates which in fact migrate to
foodstuff and then hydrolyze to PAAs. +ese PAAs include toluenediamines (TDAs) and methylenedianilines (MDAs), and the
selected PAAs were 2,4-TDA, 2,6-TDA, 4,4′-MDA, 2,4′-MDA, and 2,2′-MDA. PAAs have genotoxic, carcinogenic, and allergenic
effects. In this study, extraction methods were applied on a 3% acetic acid as food simulant which was spiked with the PAAs under
study. Extraction methods were liquid-liquid extraction (LLE), dispersive liquid-liquid microextraction (DLLME), and solid-
phase extraction (SPE) with C18 ec (octadecyl), HR-P (styrene/divinylbenzene), and SCX (strong cationic exchange) cartridges.
Extracted samples were detected and analyzed by HPLC-UV. In comparison between methods, recovery rate of SCX cartridge
showed the best adsorption, up to 91% for polar PAAs (TDAs and MDAs). +e interested PAAs are polar and relatively soluble in
water, so a cartridge with cationic exchange properties has the best absorption and consequently the best recoveries.

1. Introduction

Primary aromatic amines (PAAs) are food contaminants.
Migration of PAAs into food is through colored plastics, printed
paper, cooking utensils, and flexible packaging. One of themain
sources of PAAs is polyurethane (PU) adhesives which are
used extensively in lamination ofmultilayer films. PU adhesives
might contain unreacted aromatic diisocyanates coming from
the imperfect polymerization process of polyurethane; after
packaging, water present in foods hydrolyzes residual aromatic
diisocyanates, thus leading to PAA formation [1].

Toluene diisocyanate (TDI) and methylene diphenyl
isocyanate (MDI) are used in the production of PU adhesives.

TDIs are often a mixture (80 : 20) of the two isomers: 2,4-TDI
and 2,6-TDI, whileMDIs consist of amixture of higher oligomer
homologues, 4,4′-MDI (40–50%), 2,4′-MDI (2.5–4.0%), and
2,2′-MDI (0.1–0.2%) [2].

PAAs have genotoxic, carcinogenic, and allergenic ef-
fects. Epidemiological studies of the 4,4′-MDA indicate
a risk of bladder cancer in humans, and the 2,4-TDA and
4,4′-MDA are listed as possible human carcinogens [3].

In the European Union (EU) Regulation (10/2011), plastic
material and articles shall not release PAAs in detectable quantity
(DL� 0.01mg/kg) in food or food simulants. Chromatogra-
phy method is recommended for individual identification and
quantification of migrated PAAs [4].
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+e extraction/preconcentration of PAAs is required in
order to reach the detection limit, prior to analysis. Sample
preparation is commonly done for LLE or SPE method [5].
Each one of these two general approaches has advantages
and disadvantages; also there has been a new development in
the two methods in order to save time, labor, chemicals, and
other materials used. +is process has led to the creation of
new methods such as solid-phase microextraction (SPME),
liquid-phasemicroextraction (LPME), and dispersive liquid-
liquid microextraction (DLLME) [6].

DLLME technique has been developed and often used
for the determination of organic compound in water samples.
DLLME is a very simple and rapid extraction method which is
used for preconcentration of organic and inorganic compounds
fromaqueous samples.+ismethod is based on the fast injection
of the appropriate mixture of extraction (high-density solvent)
and dispersive solvents (polar) into the aqueous solution to form
a cloudy ternary component solvent. Extraction process is being
completed with centrifugation step, and the enriched analyte is
collected in the shape of droplets in the sediment phase [7–9].

Several methods are provided in the literatures for de-
termination of TDIs and MDIs or TDAs and MDAs in the
urine, blood, PU foam, water, and waste water samples. +ese
methods are often used with or without hydrolysis of samples,
extraction/preconcentration in case of liquid-liquid extraction
(LLE) or solid-phase extraction (SPE), and with or without
derivatization for GC or HPLC analysis. +e selection of ex-
traction methods depends on the type and condition of the
sample [10–14].

In this study, two different methods of liquid-phase
extraction (LLE, DLLME) and solid-phase extraction
(Chromabond C18 ec, Chromabond HR-P, and SCX) were
investigated for the extraction of interested PAAs, which
were spiked in a 3% acetic acid as food simulant [15]. Use of
3% acetic acid which is accepted by the FDA offers the best
condition for simulation and a worst-case scenario for this
study, and also it is easy to evaluate [16, 17]. +e selection of
aromatic amines was based on the type of diisocyanates used
to produce PU adhesives. +e polyurethane adhesives are
often produced from toluene diisocyanates (2,4-TDI and
2,6-TDI) or methylene diphenyl isocyanate (4,4′-MDI);
thus, the PAAs presented are 2,4-TDA, 2,6-TDA, 4,4′-MDA,
2,4′-MDA, and 2,2′-MDA, and the relative recoveries of the
PAAs of interest are determined in the 3% acetic acid matrix.

2. Materials and Methods

2.1. Standards and Reagents. +e reagents used in this work
were all of analytical grade with no further purification. All
the reagents were obtained from Merck KGaA, Darmstadt,
Germany.

2,6-Toluenediamine, 2,4-toluenediamine, and 4,4′-meth-
ylenedianiline (purity>98%)were obtained from Sigma-Aldrich,
and 2,4′-methylenedianiline and 2,2′-methylenedianiline
(purity > 95%) were from Angene.

2.2. Apparatus and Conditions. HPLC system was an Agilent
1200, equipped with a quaternary pump (G1311A), a column

thermostat (G1316A), a degasser unit (G1322A) an autosampler
(G1329), and a diode array detector (G1315D). +e HPLC
system was controlled, and data were analyzed by a computer
equipped with LC software (Agilent Chem Station).

+e chromatographic conditions were as follows: HPLC
analysis was performed with methanol (solvent A) and an
ammonium acetate buffer 10mM (solvent B) as mobile phase.
Separation with solvent programming was accomplished on
a Phenomenex C18 column (250× 4.6mm i.d., 5 μm particle
sizes); flow rate was 1ml·min−1, detection wavelength was
235 nm, and temperature was adjusted to 25°C. +e gradient
elution process was performed as follows in order to achieve
the optimum separation: solvent A was kept at 15% and
solvent B was kept at 85% for 2min, solvent A percentage was
increased to 65% along a linear gradient curve for 24min, and
then, solvent A concentration was again increased from 65%
to 100% along a linear gradient curve for further 2min and
kept steady at 100% for another 2min and then was decreased
to 15% in the same manner in 1min and continued for
a further 2min, giving the total run time of 30min.

2.3. Standard Solutions and Sample Solutions. +e individual
stock solutions of each standard with concentration of 100mg·l−1
in methanol were prepared. +ese solutions were kept in the
darkness and under refrigeration (4°C) for up to six months.
Mixed intermediate standard solutions in methanol were pre-
pared by dissolving appropriate amounts of each individual
solution to yield concentrations of 10mg·l−1. Calibration solu-
tions in methanol/sodium citrate solution 0.1M (25/75) were
prepared daily in the range of 50–800ng·ml−1.

+e sample solutions were prepared from standard mix
solutions 10mg·l−1 with three concentrations 7.5, 15, and
30 ng·ml−1 in 3% acetic acid (w/v).

2.4. Extraction Methods

2.4.1. Liquid-Liquid ExtractionMethod. For the extraction of
PAAs by solvents, the optimized method was applied [12, 13]
and modified as follows: an aliquot sample solution of 8ml
was transferred to a test tube, the pHwas adjusted to above 10
with sodium hydroxide, and the solution was saturated with
sodiumchloride.+e samplewas extracted three timeswith 5mL
portion ofmixed dichloromethane/petroleumbenzene (3 :1) and
followed by twice with 5mL of mixed dichloromethane/methyl
tert-butyl ether (1 :1). +e organic solvent fractions were com-
bined and evaporated to dryness by a stream of nitrogen gas.
Finally, the extract was dissolved in 0.8mL of methanol/sodium
citrate solution 0.1M (25/75) and filtered through a 0.22μmfilter
for HPLC analysis.

2.4.2. Dispersive Liquid-Liquid Microextraction Method.
+e method used in DLLME was obtained from Wang et al.
[8] and Zhou et al. [9], which was modified by the de-
scription given below.

A volume of 5mL sample solution was placed in
a conical bottom tube, 1 g sodium chloride was added, and
the pH was adjusted to 12 using a 5N NaOH solution.
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WTAmixture of 500 μL acetonitrile and 90 μL toluene was rapidly
injected into the sample using a syringe, and a cloudy solution
was obtained.+e solution thus prepared was then shaken for
2min and was then centrifuged at 6000 rpm for 5min. +e
dispersed fine droplets of toluene were sedimented at the
bottom of the test tube. +e upper layer was removed, and
the residual phase was blown to almost dryness with low-
pressure nitrogen gas. Finally, the extract was dissolved in
0.5mL of methanol/sodium citrate solution 0.1M (25/75) and
filtered through a 0.22 μm filter for HPLC analysis.

2.4.3. SPE Chromabond® C18 ec. SPE cartridges were con-
ditioned based on the method explained by Oostdyk et al. [5]
as the procedure with 5ml methanol and 5ml distillated
water. +en, 50ml sample solution was adjusted to pH 10
with 10M sodium hydroxide solution and was passed slowly
through the cartridges. +e cartridges were eluted three times
with 1ml of ethyl acetate. Eluents were evaporated in a stream
of nitrogen. +e remaining residue was dissolved in 5mL of
methanol/sodium citrate solution 0.1M (25/75) and collected
into a 5ml graduated tube. +e solutions were filtered
through a 0.22 μm filter for HPLC analysis.

2.4.4. SPE Chromabond HR-P. SPE cartridges were condi-
tioned as advised by Macherey-Nagel Company [11], with

2× 5ml methanol, 2× 5ml acetonitrile, and 2× 5ml 10−5M
sodium hydroxide solution.+en, 50ml sample solution was
adjusted to pH 9 with 10M sodium hydroxide solution and
was passed slowly through the cartridges. +e cartridges
were eluted by 3×1.5ml methanol/acetonitrile (1 :1). Elu-
ents were evaporated in a stream of nitrogen. +e remaining
residue was dissolved in 5mL of methanol/sodium citrate
solution 0.1M (25/75) and collected into a 5ml graduated
tube. +e solutions were filtered through a 0.22 μm filter for
HPLC analysis.

2.4.5. SPE SCX. Aznar et al. [16] applied SCX cartridges for
PAAs, and the method was modified as below: cartridges
were conditioned with 2× 3ml methanol and 2× 3ml 3%
acetic acid (w/v). +en, 50ml sample solution was passed
slowly through the cartridges. +e cartridges were eluted
with 5×1ml methanol/sodium citrate solution 0.1M
(25/75) and collected into a 5ml graduated tube. +e so-
lutions were filtered through a 0.22 μm filter for HPLC
analysis.

2.5. Method Validation of SPE SCX

2.5.1. Linearity. Linearity was evaluated for mix of five PAAs
with concentrations of 50, 100, 200, 400, and 800 μgl−1 in

Table 1: Linearity of PAAs in 3% acetic acid.

Compounds Regression equation Linear range
(mgl−1)

Correlation
coefficient

(R2)
2,6-TDA Y� 0.438X− 2.152 0.05–0.8 0.9996
2,4-TDA Y� 0.356X+ 2.6455 0.05–0.8 0.9987
4,4′-MDA Y� 0.5104X− 6.0336 0.05–0.8 0.9998
2,4′-MDA Y� 0.4868X− 4.2338 0.05–0.8 0.9999
2,2′-MDA Y� 0.3734X− 2.3448 0.05–0.8 0.9999

Table 2: +e recovery of PAAs in 3% acetic acid.

Compounds Amount
spiked (μg·l−1) Recovery (%) RSD Amount

spiked (μg·l−1) Recovery (%) RSD Amount
spiked (μg·l−1) Recovery (%) RSD

First day
2,6-TDA 7.5 90.26 2 15 93.74 1.4 30 96.46 1.3
2,4-TDA 7.5 74.4 3.3 15 87.77 3.3 30 92.92 2.6
4,4′-MDA 7.5 83.94 2.6 15 95.28 0.95 30 96.33 0.95
2,4′-MDA 7.5 95 1.6 15 94.76 1.4 30 96.86 1.4
2,2′-MDA 7.5 81.58 2.69 15 93.58 2.71 30 94.79 1.1
Second day
2,6-TDA 7.5 90.77 2.6 15 94.04 1.4 30 96.94 1.3
2,4-TDA 7.5 74.90 4.2 15 91.97 4.1 30 93.9 1.1
4,4′-MDA 7.5 89.26 2.7 15 94.53 1.3 30 97.03 0.43
2,4′-MDA 7.5 96.76 1.8 15 97.08 1.1 30 97.15 0.96
2,2′-MDA 7.5 85.02 2.18 15 93.16 2.07 30 94.93 4.6
:ird day
2,6-TDA 7.5 89.76 2.4 15 94.90 1.5 30 95.80 1.5
2,4-TDA 7.5 77.9 4.8 15 91.21 2.2 30 92.9 1.8
4,4′-MDA 7.5 88.13 0.94 15 94.79 2.5 30 96.29 0.4
2,4′-MDA 7.5 94.94 2.17 15 97.17 2.2 30 98.05 1.1
2,2′-MDA 7.5 85.38 3.37 15 94.82 4.6 30 95.44 0.61
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methanol/sodium citrate solution 0.1M (25/75) with three
replications (n � 3) (Table 1).

+ere was a good linearity in the range of 0.05–0.8mgl−1
for all five target compounds.

2.5.2. Accuracy. In order to investigate the recoveries of the
method including SPE procedures, blank food simulants
(3% acetic acid) spiked with five PAAs at three different
concentrations 7.5, 15, and 30 μgl−1 were performed with
three replications (n � 3). +e recoveries are presented for
the five aromatic amines (Table 2).

+ese data confirm not only the accuracy of the method,
but also the integrity of the SPE procedure.

2.5.3. Precision. Precision calculation was done based on the
repeatability criterion in one day (intraday) and in 3 con-
secutive days (interday).

Intraday precision was evaluated with spiked blank food
simulant (3% acetic acid) at three different concentrations
7.5, 15, and 30 μgl−1 including SPE procedures. +e RSD of
intraday was obtained (Table 3).

Interday precision was evaluated with spiked blank food
simulant (3% acetic acid) at three different concentrations
7.5, 15, and 30 μgl−1 including SPE procedures on three
different days. +e RSD of interday was obtained (Table 3).

2.5.4. Sensitivity. Relative standard deviation (RSD) of the
method was performed with spiked blank food simulant (3%
acetic acid) by five PAAs at concentration 7.5 μgl−1, in-
cluding the SPE procedure. LOD and LOQ of the method
were calculated (Table 4).

3. Results and Discussion

+e migration of primary aromatic amines (PAAs) from
flexible food packaging represents a serious risk to public
health as these compounds are potentially carcinogenic sub-
stances. +e source of PAAs is from the residues of aromatic

diisocyanates (2,4-TDI, 2,6-TDI, and 4,4′-MDI) arising from
incomplete curing of the main polyurethane (PU) adhesive,
and also other aromatic diisocyanates such as 2,4′-MDI and
2,2′-MDI are present in adhesive inappropriately.

+e five PAAs (2,4-TDA, 2,6-TD, 4,4′-MDA, 2,4′-MDA,
and 2,2′-MDA) used in this study were selected on the basis of
their origin of PU adhesives used in food packaging. Toxicity
of PAAs was evaluated and classified into three groups based
on their levels of toxicity with 2,4-TDA, 2,6-TDA, and 4,4′-
MDA being in the high toxicity class [18]. According to the
EU Regulation (EU 10/2011), detection limit of the released
PAAs must be below 10 µg/kg of food or food simulant. +e
method was developed and designed based on the worst-case
scenario for the migration of PAAs from packaging material
into a food simulant which in this study was 3% acetic acid.
+e aim of the research was to design and select an extraction
method, liquid and/or solid phase, of analysis for these PAAs
(TDAs and MDAs) with high sensitivity and also to make
possible to understand the origin of the PAAs detected. +e
method was designed for 3% acetic acid (as food simulant) in
purified water, since this simulant was considered the most
restrictive, that means it uses the worst-case scenario for the
migration of TDAs and MDAs from food packaging. +e
direct analysis of the simulant by HPLC-UV did not provide
enough sensitivity, as the sample amount injected into the
system was very low. For this reason, the LLE and SPE ex-
periments were needed prior to the HPLC detection.

TDAs and MDAs have two functional groups (-NH2)
that are polar and partly soluble in water; as a result, the

Table 3: Intra- and interday precision of determination of PAAs in 3% acetic acid.

Compounds Amount spiked (μgl−1) Precision (intraday) RSD Precision (interday) RSD

2,6-TDA
75 0.115 0.146
150 0.115 0.278
300 0.2 0.239

2,4-TDA
75 0.115 0.188
150 0.173 0.161
300 0.152 0.215

4,4′-MDA
75 0.058 0.139
150 0.152 0.273
300 0.1 0.256

2,4′-MDA
75 0.115 0.115
150 0.404 0.292
300 0.058 0.153

2,2′-MDA
75 0.1 0.086
150 0.152 0.165
300 0.1 0.1

Table 4: LOD and LOQ of the method of determination of PAAs in
3% acetic acid.

Compounds Limit of
detection (μgl−1)

Limit of
quantitation (μgl−1) RSD

2,6-TDA 1.88 5.71 0.250
2,4-TDA 1.86 5.64 0.201
4,4′-MDA 1.44 4.37 0.223
2,4′-MDA 1.36 4.13 0.201
2,2′-MDA 2 6.08 0.227
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extraction of these compounds from aqueous solution is
dicult [11].

TDAs (single ring) in comparison with MDAs (two
rings) have more polarity and are more soluble in water.
�erefore, the mean recoveries for the extraction of TDA
derivatives (2,4-TDA and 2,6-TDA) should be less than that
of MDA derivatives (4,4′-MDA, 2,4′-MDA, and 2,2′-MDA).

In liquid extraction methods, in general data obtained
for mean recoveries of extraction for both LLE and DLLME
were not very satisfactory. �e mean recoveries of LLE is

better than those of DLLME, because the number of ex-
traction steps could be increased in the LLE method, while
there is just one time dispersion in the DLLME method. �e
mean recoveries for the extraction of MDAs were greater
than that of TDAs in both methods. DLLME were used in
extraction of aromatic amines in aqueous matrix with ac-
ceptable recoveries [8, 9], but in our research, the interested
aromatic amines have two functional group (-NH2) which
are more soluble in aqueous solutions, and consequently,
recoveries are lower than LLE and other methods.
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Figure 1: Compressive of recoveries of extraction methods: LLE, DLLME, SPE C18 ec, SPE HR-P, and SPE SCX for 5 primary aromatic
amines.
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Figure 2: Chromatogram of the standard solution (100 ppb). Peak identi�ed as a: 2,6-TDA, b: 2,4-TDA, c: 4,4′-MDA, d: 2,4′-MDA, and
e: 2,2′-MDA.
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In SPE methods, the mean recoveries of TDAs and

MDAs were in the order of SCX>HR-P>C18 ec. Octadecyl
sorbents (nonpolar) are not suitable for TDAs and MDAs in
the C18 cartridge. In HR-P columns, the cross-linking in
SDVB leads to better adsorption than C18 for the polar
PAAs. �e mean recoveries of the �ve extraction methods
were compared, and the SPEmethod with SCX cartridge was
the best (more than 90%). �e result of all applied methods
are compared and shown in Figure 1.

SCX cartridge with the mechanism of action being based on
ion exchange could properly adsorb polar PAAs and so has the
best mean recovery among the studied cartridges. Figure 2 shows
the chromatogram of the standard solution of �ve PAAs
(100ng·ml−1). �e chromatogram of 15ng·ml−1 spiked food
simulant, in which the �nal concentration of the extracted and
preconcentrated solutionbySCXcartridge is 150ng·ml−1, is shown
inFigure 3.Also the chromatogramsof eachmethodare compared
for the performance of the extraction and shown in Figures 4–7.
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Figure 3: Chromatogram of extracted sample spiked (15 ppb) in 3% acetic acid with SPE SCX. Peak identi�ed as a: 2,6-TDA, b: 2,4-TDA,
c: 4,4′-MDA, d: 2,4′-MDA, and e: 2,2′-MDA.
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HPLC method combined with SCX cartridge was vali-

dated and developed for the separation and quantitation of
�ve primary aromatic amines in 3% acetic acid as food
simulant. After optimizing all separation parameters, the
good separation of �ve PAAs in food simulant was feasible
within 30min. Additionally, the method was validated for
linearity, LOD, precision, and intra- and interday variation.

4. Conclusions

It is important to determine and control the migration of
contaminants from materials in contact with food into the
food. Packaging materials provided this route for migration of

contaminants such as PAAs fromPU adhesives which are used
in laminated multilayer �lms; some PAAs can migrate to the
food. Analysis of PAAs is very valuable in the European
regulations, and for this purpose, EU has established regu-
lations for PAAs. Simultaneous extraction and analysis of
PAAs (2,4-TDA, 2,6-TDA, 4,4′ MDA, 2,4′ MDA, and 2,2′
MDA) lead to the process of food safety assessment and
maintenance, also a means to monitor the use of authorized
adhesives and prevention of unauthorized ones being used.
Solid-phase extraction SCX is introduced as a suitable method
for extraction of polar primary aromatic amines (PAAs) which
might have migrated from the laminated multilayer �lms of
packaging materials into 3% acetic acid as food simulant.
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DLLME: Dispersive liquid-liquid microextraction
HPLC-UV: HPLC-ultraviolet detector
LLE: Liquid-liquid extraction
MDA: Methylenedianiline
MDI: Methylene diphenyl isocyanate
PAAs: Primary aromatic amines
PU: Polyurethane
SPE: Solid-phase extraction
TDA: Toluenediamine
TDI: Toluene diisocyanate.
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Long dan Xie gan pill is a traditional complex compound preparation with a long history for treatment of diseases, including
hepatocolic hygropyrexia, dizziness, tinnitus, and deafness. Quality of products from different manufacturers may be varied. Since the
current standard could not control the quality of products in a comprehensive and effective way, this study aimed at establishing a
practical and convenient approach for holistic quality control of the preparation.0is study included both qualitative and quantitative
works to get information on the overall composition and main components, respectively. As a result, HPLC fingerprint (UV 240nm)
similarities of all fifty samples were in the range of 0.65∼0.99. Results indicated that there was a difference among products from
different manufacturers. Additionally, ten characteristic peaks of the fingerprint were tentatively identified by LC-MS. Further
chemometrics analysis was utilized to evaluate the products from different manufacturers. At the same time, the HPLC (UV 285nm)
multicomponent quantification result showed that contents of gentiopicrin, baicalin, baicalein, and wogonin were in the range of
0.61–5.40, 1.96–5.33, 0.10–3.40, and 0.046–1.16mg·g−1, respectively. Data analysis verified the main different component of baicalein
from the fingerprint statistical analysis. It is worth mentioning that the qualitative fingerprint and quantitative multicomponent
determination were simultaneously accomplished by HPLC-DADwith dual channels.0e study provided sound basis for improving
quality control standards. 0is study also provided practical strategy for overall quality control of traditional Chinese medicines.

1. Introduction

Long dan Xie gan pill is prepared from ten species of crude
drugs including Gentianae radix et rhizoma, Scutellariae
radix, and Akebiae caulis (Mutong) in Chinese Pharma-
copoeia (2015 Edition, Volume I) [1]. It is widely used for
the treatment of diseases, including hepatocolic hygro-
pyrexia, dizziness, tinnitus and deafness, hypochondriac
pain [1]. 0e preparation has attracted widespread atten-
tion, since it caused aristolochic acid nephropathy (AAN)
[2, 3]. At that time, the prescription collected the crude
drug of Caulis aristolochiae manshuriensis (Guanmutong)
instead of Akebiae caulis [4–6]. Because of the serious
adverse effect of aristolochic acids, the medicinal standard
of Caulis aristolochiae manshuriensis was abolished and

replaced by Akebiae caulis without containing such toxic
constituents since 2003.

As one commonly used Chinese patent medicine (CPM)
with a long history, Long dan Xie gan pill has about 200
manufacturers. 0erefore, the quality of products from
different manufacturers may be varied. Since quality is di-
rectly related to drug safety and efficacy, it is very important
to evaluate the holistic quality of the products. Researchers
have been working on the essential quality control and
evaluation methods for years [2]. For most CPMs, the ef-
fective components are not clear and the consistency of
product quality is a key indicator of quality product eval-
uation. It is worth mentioning that fingerprint is an in-
ternationally recognized effective method because it could
reflect the overall quality information [2–10]. However,
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fingerprint is usually used for qualitative consistency eval-
uation. And the quantification could be achieved by applying
multicomponent determination [10–13]. In recent years,
more and more chromatographic and spectroscopic
methods including LC, LC-MSn, and quantitative nuclear
magnetic resonance (QNMR) are applied for the afore-
mentioned qualitative and quantitative work [14–21].
Among these methods, high-performance liquid chroma-
tography (HPLC) is still the main method deployed in
quality control of traditional Chinese medicines (TCMs)
because of its advantages, including good repeatability, wide
application, and high efficiency.

In this study, the qualitative and quantitative consis-
tency information of Long dan Xie gan pill samples was
achieved at the same time by a combination of fingerprint
with multicomponent quantification by HPLC-diode array
detector (DAD) with dual channels (UV 240 nm and
285 nm). Additionally, further deep mining of the data by
chemometrics analysis helped to evaluate the differences of
products in a more comprehensive and effective way. 0e
results indicated that the established method could com-
prehensively analyze the product quality. 0is strategy
could provide a practical approach for the holistic quality
control of TCM.

2. Materials and Methods

2.1. Chemicals and Reagents. Gentiopicrin (97.6%, batch no.
110770-201716), baicalin (93.5%, batch no. 110715-201720),
baicalein (98.5%, batch no. 111595-201607), and wogonin
(100%, batch no. 111514-201605) were from the National
Institutes for Food and Drug Control, Beijing, China.
Methanol (analytical reagent) was from National Drug
Chemical Reagents Co. Ltd. Acetonitrile (chromatographic
pure) and formic acid (mass spectrometry reagent) were
from 0ermo Fischer Scientific. 0e water was of ultrahigh
purity.

2.2.Materials. Fifty batches of Long dan Xie gan pill samples
were from 8 manufacturers (A∼H). All the samples involve
two dosage forms including water-bindered pills (WBP) and
big candied pills (BCP). 0e detailed information is listed as
follows (Table 1).

2.3. Instrumentations. HPLC analysis was performed on a
Waters 2690 HPLC instrument (Waters, Milford, USA),
equipped with a DAD, an autosampler and a column
heater. METTLER XS105 electronic analytical balance
(Mettler-toledo, Zurich, Switzerland), Milli-Q water pu-
rification system (Milli-pore, Burlington, USA), and KQ-
300DA numerical control ultrasound cleaning instrument
(Kunshan Ultrasonic Instruments Co. Ltd., Kunshan,
China) were used. Chemometrics analysis was achieved by
ChemPattern software (Chenmind Technologies Co., Ltd.,
Beijing, China).

2.4. Preparation of Standard Solutions. Standard stock so-
lutions of baicalin (0.1mg·mL−1) were prepared by dis-
solving suitable amounts of reference substance in methanol
for fingerprint establishment.

Standard stock mixed solution of gentiopicrin
(0.4972mg·mL−1), baicalin (0.5268mg·mL−1), baicalein
(0.4688mg·mL−1), and wogonin (0.5080mg·mL−1) was

Table 1: Sample information.

No. Manufacturers Batch number Dosage
1

A

B16099

WBP
2 B17001
3 B17045
4 B16033
5 B16040
6 A17057

BCP
7 A16065
8 A16119
9 A17004
10 A17104
11

B

20170502

WBP
12 20170504
13 20170503
14 171002
15 171003
16

C

1704058

WBP
17 1801024
18 1801027
19 1801026
20 1711016
21

D

20180336

WBP
22 20180335
23 20180334
24 20180452
25 20180451
26 20170621

BCP
27 20180419
28 20170620
29 20170504
30 20170308
31

E

180203

WBP
32 180201
33 180204
34 180205
35 180202
36

F

171102

WBP
37 171002
38 170902
39 171101
40 171001
41

G

1801001

WBP
42 1802005
43 1801003
44 1801004
45 1802006
46

H

180102

BCP
47 180101
48 171001
49 171002
50 160501
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prepared by dissolving suitable amounts of each reference
substance in methanol for multicomponents assay.

2.5. Preparation of Sample Solutions. For Long dan Xie gan
pill (WBP) (6 g per small bag), 5 bags were mixed and
pulverized to powder. For Long dan Xie gan pill (BCP) (6 g
per pill), 5 pills were cut into small pieces. 0en, 2 g were
weighed accurately and put into a 50mL plug conical bottle.
Twenty-five mL methanol (for WBP samples) and 25mL
80%methanol-water solution (for BCP samples) were added
precisely and weighed, respectively. After extracting by
ultrasonication (power: 300W; frequency: 40 kHz) for
30min, the extract was cooled down and then made up for
lost weight by adding methanol (for WBP samples) or 80%
methanol (for BCP samples). 0e continuous filtrate was
taken and then filtered by 0.22 μm microporous filter
membrane.

2.6. HPLC-DAD Chromatographic Condition. Column:
Phenomenex Gemini C18 (4.60 × 250mm, 5 μm); mobile
phase: gradient elution with acetonitrile- (A-)0.1% formic
acid-water solution (B) (0–5min, 7%A–10%A; 5–11min,
10%A–15%A; 11–15min, 15%A–20%A; 15–32min, 20%
A–30%A; 32–54min, 30%A–55%A; 54–60min, 55%A–80%
A; and 60–68min, 7%A); flow rate: 1.0mL·min−1; column
temperature: 30°C; injection volume: 10 µL; detection
wavelength: UV 240 nm for fingerprint and UV 285 nm for
multicomponent determination.0e typical chromatograms
were shown as Figures 1 and 2, respectively.

2.7. Mass Spectrometry Condition. MS analysis was per-
formed on an Agilent1260-6410B LC-MS couplet system
equipped with Agilent Mass Hunter ChemStation (Agilent,
Santa Clara, USA). 0e mass spectrometry settings were as
follows: split ratio � 1 : 9; desolvation temperature: 350°C;
desolvation air flow N2: 540 L·h−1; nebulizer pressure: 30 psi;
and capillary: 4000V. Both positive and negative modes
were performed with a scan range of m/z 50–1200.

3. Results and Discussion

3.1. Results of Fingerprint. For fingerprint study, all the
samples were prepared and analyzed according to conditions
under 2.5 and 2.6. Baicalin (tR � 34.02min) was taken as the
reference peak. Relative retention times (RRTs) and relative
peak areas (RPAs) of the characteristic peaks were calculated
for method validation.

3.1.1. Instrument Precision. 0e same sample solution (no.
21) was injected for six consecutive times. 0e result showed
that the RSDs of RRTs and RPAs were in the range of
0.073%–2.0% and 0.26–1.74%, respectively. It showed that
the precision of the instrument was good.

3.1.2. Repeatability. 0e same batch sample (no. 21) was
taken and prepared for six independent sample solutions
for analysis. 0e result showed that the RSDs of RRT and

RPA were in the range of 0.010%–0.44% and 0.51–2.24%,
respectively. It indicated that method repeatability was
good.

3.1.3. Stability. 0e same sample solution (no. 21) was in-
jected at 0, 4, 8, 12, 16, 20, and 24 h at room temperature.0e
result showed that the RSDs of RRT and RPA were in the
range of 0.039%–0.81% and 0.71–4.58%, respectively. It
demonstrated the sample solution was stable within 24 h.

3.1.4. Establishment of Fingerprint. After fifty batches of the
sample solutions were analyzed, their chromatograms (UV
240 nm) were recorded (Figure 3) and imported to
ChemPattern software. All variables were used as the
common peak screening condition. And Gauss curve sim-
ulation method was applied to generate the common mode
with 16 characteristic peaks (Figure 4). All sample chro-
matograms were analyzed by comparison with the common
mode.

3.1.5. Identification and Attribution of Characteristic Peaks.
0e sample solution was analyzed according to the condi-
tions under Sections 2.6 and 2.7. By combination with the
chromatographic behavior of the components, ten charac-
teristic peaks were identified by comparing with reference
standards. Also the main origins of the peaks were attributed
(Table 2), and they were mainly from five species of crude
drugs in the prescription.

3.1.6. Statistical Analysis

(1) Similarity Analysis. 0e above HPLC (UV 240 nm)
fingerprint commonmode was taken as a reference. During
the analysis, the included angle cosine method was used to
calculate the similarity of each sample (Figure 5). Finally,
the similarities of all samples were in the range of
0.65∼0.99. Among them, similarities of seven batches of
samples were lower than 0.8, including all samples from
enterprise B. 0e result indicated that there was a certain
difference among the overall product quality of these
samples from others. Also it was clear that the uniformity of
most BCP samples (no. 6∼10 and 26∼30) was not good as
the WBP ones.

(2) Principle Component Analysis. Principle component
analysis (PCA) was carried out after standardization of all
sample data (Figures 6 and 7). 0e contribution rates of the
first and second principle component (PC1) were 45.92%
and 39.22%, respectively. And the total contribution rate of
85.14% showed that it could reflect the differences between
samples in a more comprehensive way. PCA scatter plot
(Figure 6) displayed that samples from each enterprise
basically could be grouped into a class. It showed that
samples from enterprise B deviated far away from others.
0e principle component load diagram (Figure 7) gave the
proportion of each chromatographic peak in the principal
component. And the greater the distance from X � 0
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longitudinal axis, the greater the contribution to PC1, such
as gentiopicrin and baicalein. Likewise, the greater the
distance from Y � 0 transverse axis, the greater the

contribution to PC2, such as baicalein and geniposide. 0e
result displayed that samples from enterprise B separated
with others along both PC1 and PC2. 0erefore, the major
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Figure 3: HPLC chromatograms (UV240 nm) of Long dan Xie gan pill samples.
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Figure 1: HPLC (UV 240 nm) chromatogram of the typical sample.
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Figure 2: HPLC (UV 285 nm) chromatograms of mixed standard solution (a) (A, Gentiopicrin; B, Baicalin; C, Baicalein; and D, Wogonin)
and typical sample (b).

204 Modern Chromatography

__________________________ WORLD TECHNOLOGIES __________________________



WT
contributions to PC1 and PC2 were their main differential
components from others. Because of the location at the
position of PC1 > 0 and PC2 < 0, contents of such com-
pounds were in positive correlation with PC1 and in negative
correlation with PC2. 0erefore, the contents of baicalein
and wogonin were higher in these samples. Along the PC1,
the concentration of baicalein distinguished the samples of

enterprise B, whose values were higher than those presented
for the others (Figure 6). On the contrary, along with the
PC2, the levels of geniposide and gentiopicrin showed that
there was a tendency for the separation of the products of
enterprises D and G from others. One sample of enterprise A
was grouped with samples of enterprises D and G, which
presented higher levels for these compounds.

Table 2: Identification of characteristic peaks of Long dan Xie gan pill.

Peak no. Compounds tR (min) Molecular formula Molecular
weight

Quasimolecular
ions Origin

3 Geniposidic acid 7.83 C16H22O10 374.34 372.9 [M-H]− Gardeniae fructus
6 Geniposide 15.07 C17H24O10 388.37 433.0 [M+HCOO]− Gardeniae fructus
7 Gentiopicrin 16.18 C16H20O9 356.32 400.9 [M+HCOO]− Gentianae radix et rhizoma
8 Verbascoside 22.86 C29H36O15 624.59 623.0 [M-H]− Plantaginis semen/rehmanniae radix
10 Baicalin 33.88 C21H18O11 446.36 445.0 [M-H]− Scutellariae radix
11 Isomer of wogonoside 38.62 C22H20O11 460.39 459.0 [M-H]− Scutellariae radix
12 Wogonoside 40.44 C22H20O11 460.39 459.0 [M-H]− Scutellariae radix
14 Baicalein 43.82 C15H10O5 270.24 268.9 [M-H]− Scutellariae radix
15 Isomer of wogonin 51.40 C16H12O5 284.26 282.9 [M-H]− Scutellariae radix
16 Wogonin 51.99 C16H12O5 284.26 282.9 [M-H]− Scutellariae radix
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Figure 5: Similarity analysis results of Long dan Xie gan pill samples.
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Figure 4: HPLC (UV240 nm) common mode of Long dan Xie gan pill samples.
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(3) Cluster Analysis. Hierarchical cluster analysis (HCA) is a
conventional cluster analysis method. It is a detection tool
that clearly reveals the natural grouping of data. 0e block
distance was selected for distance calculation and HCA
(Figure 8) was performed by error square sum method.
Similar to the result of PCA, except that some samples from
manufacturer D are not distinguished from those of A, other
samples from different enterprises could basically distin-
guish. Additionally, samples from B were relatively most far
away from others. It indicated there existed some differences
of these samples.

3.2. Results of Multicomponent Quantification

3.2.1. Linearity, LOD, and LOQ. Working standard solu-
tions containing gentiopicrin, baicalin, baicalein, and
wogonin were prepared by diluting the stock mixed solution
with methanol to a series of proper concentrations. 0en,
they were injected and analyzed. 0e results of regression
equations, linearity, determination coefficient, and limits of
detection and quantification of the method are presented in

Table 3.0e linear range varied from 3.25 to 492.56 μg mL−1,
in accordance with the analyte. All analytes presented a
determination coefficient (R2) of the 0.9999, which allows
the method to be considered linear. 0e limits of detection
(LOD) and quantification (LOQ) were calculated according
to guidelines for validation of analytical methods for
pharmaceutical quality standards [22].

3.2.2. Instrument Precision. 0e same sample solution (no.
21) was injected for six consecutive times and analyzed.0e
RSDs of peak areas for gentiopicrin, baicalin, baicalein, and
wogonin were 0.63%, 0.29%, 0.41%, and 0.15%, re-
spectively. It indicated that the precision of the instrument
was in accordance with the requirement in guidelines for
validation of analytical methods for pharmaceutical quality
standards [22].

3.2.3. Repeatability. 0e same batch of sample (no. 21) was
taken and prepared for six independent sample solutions.
0en, they were analyzed according to conditions under 2.6.
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0e average contents of gentiopicrin, baicalin, baicalein, and
wogonin were 4.77, 3.84, 0.62, and 0.40mg·g−1, respectively.
And the RSDs were 0.49%, 1.11%, 0.40%, and 0.56%, re-
spectively. It indicated that method repeatability was in ac-
cordance with the requirement in guidelines for validation of
analytical methods for pharmaceutical quality standards [22].

3.2.4. Stability. 0e same sample solution (no. 21) was
injected at 0, 4, 8, 12, 18, and 24 h at room temperature.0e
RSDs of contents for gentiopicrin, baicalin, baicalein, and
wogonin were 1.88%, 1.54%, 1.70%, and 3.22%, re-
spectively. It indicated that the sample solution was stable
within 24 h.

3.2.5. Recovery. 0e recovery experiment was performed by
adding a known amount of individual reference standards
into a certain amount of sample (no. 21).

Six separate samples of 1 g (contents of gentiopicrin,
baicalin, baicalein, and wogonin were 4.77, 3.84, 0.62, and
0.40mg·g−1, respectively) were weighed accurately.
And 25mL of mixed reference standard solution

(concentrations of gentiopicrin, baicalin, baicalein, and
wogonin were 0.1861, 0.1505, 0.04856, and 0.0300mg·mL−1,
respectively) was added separately and prepared. 0e results
(Table 4) showed that the average recoveries of four com-
ponents ranged from 97.71% to 100.59% with RSDs in the
range of 0.72%–1.29%, which indicated that the method was
accurate.

3.2.6. Sample Analysis. Fifty batches of sample solutions
were prepared and analyzed. 0e results (Table 5) displayed
that the contents of gentiopicrin, baicalin, baicalein, and
wogonin were in the range of 0.61–5.40, 1.96–5.33, 0.10–
3.40, and 0.046–1.16mg·g−1, respectively. It was easily to find
the differences among samples from different enterprises by
the scatter diagram (Figure 9). It showed that the general
content trends of baicalin, baicalein, and wogonin were
basically similar. Among them, the contents of baicalein and
wogonin in samples from B were apparently higher than
others; especially, the content of baicalein was much higher.
0e determination result was in accordance with the
abovementioned PCA analysis result.

3.3. Optimization of Experimental Conditions

3.3.1. Investigation of Extraction Methods. 0e extraction
method was optimized in order to make the fingerprint
reflect the chemical composition information as much as
possible. For both dosage forms of samples, different ex-
traction solvent (80% methanol and 50% methanol-water),
and extraction mode and time (ultrasonic extraction for
30min, 45min, and 60min) were investigated. 0e result
showed that extraction time had little effect on both dosage
forms. For WBP samples, the chromatogram could reflect
rich chemical information with good separation of peaks
with methanol extraction for 30min. While for BCP
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Figure 8: Dendrograms of hierarchical cluster analysis of Long dan Xie gan pill samples.

Table 3: Regression equations, linearity, determination coefficient,
and limits of detection and quantification of the method.

Components Regression
equations

Linear
range

(μg·mL−1)
R2 LOD

(ng)
LOQ
(ng)

Gentiopicrin y � 11524 x +
12562 7.76∼485.27 0.9999 0.837 2.790

Baicalin y � 32266 x +
4256.2 7.88∼492.56 0.9999 0.431 1.077

Baicalein y � 43732 x −
23130 7.39∼461.77 0.9999 0.439 1.025

Wogonin y � 47996 x +
23628 3.25∼203.20 0.9999 0.190 0.474
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Table 4: Recovery results of four components in Long dan Xie gan pill samples.

Components No. Sampling amount
(g)

Sample content
(mg)

Added amount
(mg)

Detected amount
(mg)

Recovery
(%)

Average recovery
(%)

Gentiopicrin

1 1.0005 4.772 4.653 9.371 98.83

100.59% (RSD
1.22%)

2 1.0017 4.778 4.653 9.432 100.02
3 1.0006 4.773 4.653 9.431 100.11
4 1.0047 4.792 4.653 9.473 100.60
5 1.0030 4.784 4.653 9.528 101.96
6 1.0026 4.782 4.653 9.529 102.02

Baicalin

1 1.0005 3.842 3.762 7.478 96.65

97.96% (RSD
0.87%)

2 1.0017 3.847 3.762 7.537 98.09
3 1.0006 3.842 3.762 7.503 97.32
4 1.0047 3.858 3.762 7.583 99.02
5 1.0030 3.852 3.762 7.543 98.11
6 1.0026 3.850 3.762 7.554 98.56

Baicalein

1 1.0005 0.620 1.214 1.807 97.78

97.71% (RSD
0.72%)

2 1.0017 0.621 1.214 1.802 97.28
3 1.0006 0.620 1.214 1.793 96.62
4 1.0047 0.623 1.214 1.809 97.69
5 1.0030 0.622 1.214 1.816 98.35
6 1.0026 0.622 1.214 1.818 98.52

Wogonin

1 1.0005 0.400 0.750 1.141 98.80

99.98% (RSD
1.29%)

2 1.0017 0.401 0.750 1.146 99.33
3 1.0006 0.400 0.750 1.141 98.80
4 1.0047 0.402 0.750 1.153 100.13
5 1.0030 0.401 0.750 1.156 100.67
6 1.0026 0.401 0.750 1.167 102.13

Table 5: Contents of four components in Long dan Xie gan pills (mg·g−1).

No. Manufacturers (dosage) Gentiopicrin Baicalin Baicalein Wogonin
1

A (WBP)

1.579 3.191 0.778 0.433
2 1.391 2.912 0.992 0.449
3 3.295 3.102 0.741 0.429
4 1.801 2.582 0.718 0.381
5 1.884 3.006 0.976 0.526
6

A (BCP)

1.510 2.133 0.330 0.198
7 0.979 2.173 0.298 0.130
8 0.816 2.269 0.337 0.176
9 0.746 2.148 0.176 0.103
10 1.777 2.409 0.362 0.176
11

B (WBP)

1.019 4.153 3.049 1.129
12 1.013 4.394 3.141 1.158
13 0.963 3.763 3.280 1.080
14 0.860 4.396 3.133 0.994
15 0.826 5.330 3.405 1.084
16

C (WBP)

2.801 3.460 0.295 0.232
17 2.442 3.359 0.502 0.300
18 2.138 3.353 0.423 0.274
19 2.822 3.363 0.411 0.270
20 2.724 3.889 0.294 0.216
21

D (WBP)

4.753 3.747 0.622 0.406
22 4.166 3.123 0.570 0.367
23 4.344 3.118 0.590 0.381
24 4.028 3.047 0.585 0.385
25 4.084 3.642 0.589 0.390
26

D (BCP)

1.562 2.412 0.203 0.110
27 1.157 2.371 0.235 0.125
28 1.688 2.337 0.189 0.102
29 0.606 2.879 0.100 0.046
30 0.670 3.170 0.111 0.052
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samples, the dissolution was good by extraction with 80%
methanol-water for 30min.

3.3.2. Study on the Chromatographic Condition. During the
study, different mobile phase systems including methanol-
water, acetonitrile-water, methanol-0.1% formic acid, and
acetonitrile-0.1% formic acid were investigated. Also dif-
ferent chromatographic, columns including Waters Sym-
metry Shield™ RP 18, Agilent Zorbax SB-C18, and
Phenomenex Gemini C18 were experimented. Additionally,
both DAD and DAD-ELSD detection were analyzed. As a
result, the chromatogram was good on the Phenomenex
Gemini C18 column with acetonitrile-0.1% formic acid as
the mobile phase under DAD detection. Finally, UV 240 nm
was selected as detection wavelength for fingerprint estab-
lishment, since it could reflect much chemical information.

Meanwhile, UV 285 nm was determined as detection
wavelength for simultaneous determination of main com-
pounds due to the good separation.

4. Conclusions

Quality control is the key issue in modernization and in-
ternationalization of TCM. Qualitative fingerprint and
quantitative multicomponent determination have been
demonstrated as the comprehensive and effective way to
accomplish the holistic quality analysis. In this study, both
qualitative and quantitative works to get the overall com-
position and main components information were accom-
plished simultaneously by HPLC with dual-channel
detection. Moreover, further deep mining of the data by
chemometrics analysis helped to evaluate the quality of the
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Figure 9: 0e scatter diagram of four components’ contents in Long dan Xie gan pill samples.

Table 5: Continued.

No. Manufacturers (dosage) Gentiopicrin Baicalin Baicalein Wogonin
31

E (WBP)

1.922 2.210 0.722 0.314
32 1.620 2.205 0.698 0.324
33 1.815 2.304 0.715 0.323
34 1.749 2.188 0.715 0.320
35 1.650 2.407 0.779 0.333
36

F (WBP)

0.690 2.297 0.817 0.387
37 0.669 2.279 0.837 0.397
38 0.675 2.175 0.811 0.385
39 0.640 2.051 0.800 0.374
40 0.660 1.963 0.821 0.394
41

G (WBP)

4.544 4.012 0.587 0.291
42 5.331 3.771 0.524 0.256
43 5.103 3.419 0.505 0.263
44 5.402 3.990 0.567 0.261
45 5.128 3.862 0.501 0.249
46

H (BCP)

2.822 3.082 0.372 0.176
47 2.768 3.214 0.376 0.181
48 2.721 3.177 0.367 0.178
49 2.736 3.177 0.365 0.180
50 2.758 3.153 0.359 0.168
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preparation from different manufacturers. 0e result in-
dicated that this approach is a powerful tool for quality
control of TCM.
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