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ified clopidogrel in the presence of
excipients using voltammetry†

Ricoveer Singh Shergill, Petra Kristova and Bhavik Anil Patel *

There has been a recent surge in the amount of substandard and falsified clopidogrel. Pharmacopeial based

assays using high performance liquid chromatography and mass spectroscopy are widely used for the

measurement of clopidogrel but are not accessible in low to middle income countries. Therefore, our

study explored four different techniques (mid-infrared spectroscopy, thin layer chromatography,

ultraviolet visible spectroscopy, and differential pulse voltammetry), which could be used in low to

middle income countries. Differential pulse voltammetry showed the best performance for accurate and

precise determination of clopidogrel in the presence of excipients. Clopidogrel tablets were fully crushed

and sonicated in buffer for 30 seconds prior to differential pulse voltammetry measurements using a 3

mm glassy carbon electrode. Measurements were made without removing the excipients and the limit of

detection was 0.08 mg ml�1 and the sensitivity was 15.7 mA mg ml�1. When conducting a blinded study,

differential pulse voltammetry was able to identify varying types of substandard and falsified samples.

Our findings highlight that voltammetry could be a vital analytical technique for the determination of

substandard and falsified medicines in low- and middle-income countries.
Introduction

Substandard and falsied medicines are a major problem for
society as they can cause considerable risk to public health,
reduce condence in healthcare systems, and cause economical
loss.1–4 The major cause of substandard medicines is poor
manufacturing and quality control practices,2,5,6 whilst for
falsied medicines this is mainly for nancial benets for
organised crime groups.7,8 The impact of such substandard and
falsied medicines is mainly felt in low- and middle-income
countries where accessibility to medicines is oen poor.

Clopidogrel, also commonly sold under the commercial
name Plavix®, is a frontline anti-platelet medicine, which helps
prevent platelets from sticking together and forming
a dangerous blood clot. Therefore, this medicine is prescribed
by practitioners to reduce the risk of myocardial infarction and
stroke.9 The widespread use of clopidogrel makes it a target for
counterfeit manufacture and there are a limited number of
reliable methods offering a cheap convenient method for
identifying and quantifying clopidogrel; identifying such
a method would offer an invaluable tool for use in counterfeit
detection in low- and middle-income countries. The production
of falsied clopidogrel medication has recently occurred in
Europe and the USA, where patients were given ineffective
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“Plavix” tablets leading to complaints from patients and
subsequent testing showed that the product was falsied.10,11

Therefore, there is a clear need for a simple and effective
analytical methodology for the determination of substandard
and falsied clopidogrel.

The majority of substandard medicines have signicant
variations in the content of the active pharmaceutical ingre-
dient,12 whilst in falsied medication, the majority of medicines
contain little active pharmaceutical ingredient (API), no API or
alternative APIs.13,14 Given that analytical techniques need to
accurately monitor concentration and identity the presence of
APIs, this makes it difficult for a uniform detection approach.
The most widely used analytical techniques for the determina-
tion of substandard and falsied medicines are based on
pharmacopoeial assays. Techniques such as high-performance
liquid chromatography (HPLC) with ultraviolet spectroscopy
(UV) and/or mass spectrometry detection or gas chromatog-
raphy15–17 are also widely used. These methods can provide high
sensitivity and selectivity but require a number of highly tech-
nical expensive instruments and expertise. Therefore, these
robust approaches are not accessible for low- to middle-income
countries where there is the greatest need for analytical detec-
tion.18 Rapid and simple approaches which can also be used in
remote locations such as colorimetry and thin-layer chroma-
tography (TLC)19–21 are usually less sensitive but require less
expertise. Spectroscopic methods such as near-infrared, mid-
infrared (MIR), Raman and benchtop nuclear magnetic reso-
nance22–25 have shown great potential but provide more insight
into the selectivity than the accurate analysis of concentration
Anal. Methods, 2021, 13, 5335–5342 | 5335
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and are thus more likely suitable for falsied medicines than
substandard medicines. Current non-analytical measurements
are in use all around the world to identify counterfeit medica-
tion, and most such methods are based upon using track and
trace or tamper resistant packing.26

Within our study we explored the suitability of voltammetry
as a detection approach for monitoring the presence and
concentration of clopidogrel within pharmaceutical tablets.
Previous studies have shown that clopidogrel can be oxidised
and therefore can be detected by this technique.27,28 We
explored the suitability of voltammetry when compared to UV/
visible spectroscopy, MIR, and TLC for accurate and precise
determination of the concentration of clopidogrel. Additionally,
we evaluated which method provided the simplest approach to
sample preparation making the technique accessible to middle-
to low- income countries. Finally, in a blinded study, we eval-
uated the ability of our established voltammetry method to
determine a range of prepared substandard and falsied clo-
pidogrel formulations.

Materials and methods
Chemicals and tablets

Clopidogrel tablets (75 mg dose) were purchased from the
pharmaceutical manufacturer Torrent. Clopidogrel, magne-
sium stearate, microcrystalline cellulose (MCC), sunset-yellow
dye, citric acid, sodium acetate, paracetamol, ethyl-
enediaminetetraacetic acid (EDTA), sodium chloride and
lactose were obtained from Sigma Aldrich. Solutions of clopi-
dogrel were prepared in a citrate buffer (pH 3.0) made using 0.1
M citric acid, 0.1 M sodium acetate and 2.7 mM EDTA.

Detection of clopidogrel using MIR

For MIR measurements, spectra were obtained from pure clo-
pidogrel, a clopidogrel tablet (75 mg dose) and a clopidogrel
tablet diluted further with lactose to the equivalent of a half
dose. The samples were powdered using a glass pestle and
mortar prior to analysis. Lactose was utilised to dilute the tablet
as this was the same bulking agent utilised in the
manufacturing of the tablet. Mid-infrared measurements were
performed using a PerkinElmer, Spectrum 65 spectrometer,
tted with an attenuated total reectance (ATR) accessory
employing a ZnSe crystal. Measurements through the ATR
accessory require a rm contact between the sample and the
ZnSe crystal. This was achieved by light manually controlled
compaction (using a pike). The samples were measured in the
spectral range of 4000–550 cm�1 at a resolution of 4 cm�1. Each
spectrum was collected from 16 scans. PerkinElmer Spectrum
soware was used for data analysis.

TLC analysis of clopidogrel tablets

A powdered clopidogrel tablet was dissolved in 1 Mmethanol to
make 2.5 mg ml�1 and 5 mg ml�1 solutions. Half of these
solutions were ltered using Grade 601 lter paper to compare
the ltered and unltered response. The samples of both
concentrations, ltered and unltered, were spotted onto
5336 | Anal. Methods, 2021, 13, 5335–5342
aluminium-backed silica gel 60F254 plates. The mobile phase
was n-heptane-tetrahydrofuran, 1 : 1 (v/v). The plate was
visualised under UV light at 254 nm. A photograph was taken of
the TLC plate and converted to the greyscale for densiometric
analysis. Image J was utilised to measure the grey scale as
a marker of the density of the spot.

Determination of clopidogrel using UV/visible spectroscopy

A powdered clopidogrel tablet was dissolved in citrate buffer to
make 0.5 mg ml�1 and 1 mg ml�1 concentration solutions. Half
of these solutions were ltered using Grade 601 lter paper to
compare the ltered and unltered responses. A UV/Visible
1601 double beam spectrophotometer with a xed slit width (2
nm) and 1 cm matched quartz cuvettes were used for all the
spectral measurements. The samples were scanned against
a citrate buffer blank over the range of 900–200 nm
wavelengths.

Determination of clopidogrel using differential pulse
voltammetry

Electrochemical measurements were carried out with
a CHI630B potentiostat, controlled with CH Instruments so-
ware (CH Instruments, Austin, TX, USA). A three-electrode
system was used, where a 3 mm glassy carbon electrode served
as the working electrode, an AgjAgCl (3 M NaCl) electrode as the
reference electrode and a platinum wire as the counter elec-
trode. Prior to the electrochemical measurements, the glassy
carbon electrode was polished with alumina aqueous slurry. For
all measurements, differential pulse voltammetry was used,
where the pulse amplitude was 50 mV s�1, the pulse width was
0.06 s, and the potential window was between +0.7 and +1.4 V.
To compare the difference in the current response from tablets
which were ltered and unltered, a clopidogrel tablet was
crushed to a ne powder using a pestle and mortar and then
was dissolved in citrate buffer to make 1 and 0.5 mg ml�1

solutions and half of these solutions were ltered using Grade
601 lter paper. Calibration responses were determined using
clopidogrel powder and conducting serial dilutions of the
tablet. Calibrations were conducted in the concentration range
of 0.1 to 1 mg ml�1. To explore the change in the current with
sample preparation, we explored the duration that the crushed
tablet samples needed to be sonicated from 5 to 45 s. For the
analysis of the data, the anodic peak current was obtained using
CH Instruments soware.

Preparation of falsied and substandard tablets

Table 1 shows the different substandard and falsied tablets
that were prepared and subsequently tested using voltamme-
try. The commercial clopidogrel tablet approximately weighs
260 mg containing 75 mg of clopidogrel and further excipi-
ents, and it is a white tablet with a salmon pink colour coating.
All falsied and substandard tablets were made to this weight/
appearance, where alterative active compounds used had
similar molecular weights. Acetyl salicylic acid (as aspirin
tablets) and acetaminophen (as paracetamol tablets) were
used due to their common availability and some structural
This journal is © The Royal Society of Chemistry 2021
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Table 1 Composition of the chemical components that were made to
represent substandard and falsified tablets

Falsied
Tablet Contents

1 25 mg of clopidogrel (86.6 mg of crushed clopidogrel
tablet) and 173.4 mg lactose (Granulac 200, Meggle)

2 7.5 mg of clopidogrel (26 mg of crushed clopidogrel tablet)
and 242 mg of crushed paracetamol tablet (the whole
paracetamol tablet is 565 mg and contains 500 mg
paracetamol)

3 25 mg of clopidogrel (86.6 mg of crushed clopidogrel
tablet) and 173.4 mg microcrystalline cellulose (FMC
Biopolymer)

4 Aspirin tablet mixture and lactose (equivalent of 100 mg
aspirin, total 115.3 mg of the aspirin tablet mixture, Aspar
– 300 mg aspirin, tablet weight 346 mg) and lactose 144.7
mg (Granulac 200, Meggle)

5 Placebo tablet containing 1% of sunset yellow dye (130 mg
excipients and 1.3 mg of sunset yellow) and lactose 130 mg
(Granulac 200, Meggle)
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similarities of the active ingredients, and aspirin also
possesses a similar therapeutic effect. The falsied and
substandard tablets were made as powders and thus did not
require to be crushed prior to conducting differential pulse
voltammetry measurements.
Data analysis

For all measurements, the data were plotted to show the mean
� standard deviation. Statistical analysis was carried out using
GraphPad Prism, where data were compared using one-way or
two-way ANOVA.
Results and discussion
Comparing analytical techniques for the accurate and precise
determination of the concentration of clopidogrel in the
presence of excipients

Fig. 1 shows MIR, UV/Visible spectroscopy, TLC, and differen-
tial pulse voltammetry experiments. Within this experiment, we
explored the suitability of these techniques for monitoring
substandard and falsied medicines through understanding if
these techniques will be able to accurately and precisely deter-
mine the concentration of clopidogrel in the presence of
excipients.

ESI Fig. 1† shows the entire IR spectra for raw powder of
clopidogrel, a powdered commercial tablet, a powdered tablet
diluted with lactose and lactose powder. There was a sharp,
strong peak in the region around 1730–1750 cm�1, which shows
the presence of a carbonyl group (C]O) ester stretching and
thus provides a region for the identication of clopidogrel. No
observable interference from the excipients present within the
tablet was observed in this region. No other aspect of the IR
spectra showed features which would provide a selective region
for the determination of clopidogrel. Further analysis of the
peak in the region around 1730–1750 cm�1 was conducted as
This journal is © The Royal Society of Chemistry 2021
shown in Fig. 1A, where the % transmission was measured to
the baseline of the IR spectra. The results from multiple
measurements are shown in Fig. 1B, where there was a signi-
cant difference between the original tablet and that diluted with
lactose (n ¼ 3, p < 0.05). The IR analysis was able to accurate
measure half the concentration and thus suggests that in this
specic region within the IR spectra it is feasible to monitor
accurately the concentration of clopidogrel without the
requirement of any sample preparation to remove the interfer-
ence of the excipients. The average percentage coefficient of
variation (CoV) was 28% for the measurements of the original
and diluted tablets. This highlights that there is poor precision
in repeated measurements which may be due to interference
from other excipient compounds, which contain ester func-
tional groups.

Fig. 1C shows the UV visible spectra of unltered and ltered
clopidogrel tablet solutions made at two concentrations. The
maximal peak response was observed for 270 nm and used to
measure the absorbance. Fig. 1D shows a signicant decrease in
the absorbance observed in the unltered samples when
compared to the ltered samples at both concentrations (p <
0.01, n ¼ 3). The CoV for ltered samples was 4% and for
unltered samples it was 16%. The reduction in the absorbance
and the reduced precision may be due to the scattering of the
light from excipient particles, thus increasing the observed
absorbance. However, there was good accuracy in the ability to
monitor the concentration in both unltered and ltered
samples.

Fig. 1E shows the response of the TLC plate with the densi-
tometric analysis superimposed on the plate. Fig. 1F shows the
analysis of the TLC plate for the samples, which were ltered
and unltered at the two concentrations. There was no signi-
cant different in the greyscale index observed for the ltered
and unltered samples. However, there was no clear relation-
ship between the greyscale index and concentration, with the
concentration utilised at the top of the potential linear range.
However, when 0.5 and 1 mg ml�1 samples were run they also
provided no concentration relationship indicating a very
smaller linear range for densitometry measurements. The CoV
was 7% for the ltered samples and 9% for the unltered
samples and thus indicated that the precision was identical and
thus TLC can be used for the measurement of drug compounds
in the presence of excipients.

Differential pulse voltammograms for the ltered and
unltered clopidogrel tablets at the two different concentra-
tions are shown in Fig. 1G. The oxidation peak potential for
clopidogrel was 1.06 V. Fig. 1H shows that there was no differ-
ence observed in the current response between the ltered and
unltered samples at both concentrations. The current
observed for 0.5 mg ml�1 clopidogrel was directly half that
observed for the measurement of 1 mg ml�1 solutions of clo-
pidogrel tablets. The CoV was 0.9% for the ltered samples and
1.6% for the unltered samples. These ndings clearly showed
that voltammetry is suitable for accurate and precise measure-
ment of clopidogrel concentration without requiring the
removal of the excipients. These ndings support other
Anal. Methods, 2021, 13, 5335–5342 | 5337
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Fig. 1 Comparison of the four techniques suitable for the remote detection of substandard and falsified clopidogrel. (A) MIR response showing
the carbonyl C]O stretching vibration peak. (B) Overall MIR responses showing the responses of a clopidogrel tablet and a diluted clopidogrel.
(C) UV/Visible spectroscopy responses. (D) Comparison of the filtered and unfiltered responses of the two concentrations of clopidogrel using
UV/Visible spectroscopy. (E) TLC plate with the grey scale index densitometry analysis superimposed. (F) Comparison of the filtered and
unfiltered responses of the two concentrations of clopidogrel using TLC. (G) Differential pulse voltammograms of clopidogrel. (H) Comparison of
the filtered and unfiltered responses of the two concentrations of clopidogrel using differential pulse voltammetry. Data are shown as mean �
standard deviation, n ¼ 3, *p < 0.05 and **p < 0.01.

5338 | Anal. Methods, 2021, 13, 5335–5342 This journal is © The Royal Society of Chemistry 2021
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Table 2 Evaluation of the performance characteristics of the different analytical techniques for the monitoring of substandard and falsified
clopidogrel

Criteria FTIR UV/visible spectroscopy TLC
Differential pulse
voltammetry

Accurate determination of concentration Good Excellent Poor Excellent
Precision for routine monitoring Poor Good Good Excellent
Minimal sample preparation Excellent Poor Good Good
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voltammetry studies where accurate measurement of the
concentration was achieved in the presence of excipients.29,30

When comparing the four techniques, which would all be
suitable for remote measurement of substandard and falsied
clopidogrel in low to middle income countries, we considered
three important factors. They were the ability to accurately
monitor the concentration of clopidogrel present, the precision
of the technique when conducted without extensive sample
preparation, and the application of the technique in the pres-
ence of common tableting excipients. Table 2 shows the
performance differences between the four techniques, which
highlights that only voltammetry showed excellent results in all
criteria, whilst the other techniques showed some potential,
however performed well in fewer categories. These ndings
highlight the ability of differential pulse voltammetry to be the
most suitable approach for the identication of many
substandard and falsied medicines, in which we observe that
little or no active drug is present.13,14 However, where falsied
medicines contain alternative drugs, MIR may be more suitable
Fig. 2 Calibration of clopidogrel. (A) Differential pulse voltammograms
serial dilutions of the tablet. (C) Calibration plot showing the responses
standard deviation, and n ¼ 3.

This journal is © The Royal Society of Chemistry 2021
to distinguish counterfeits structurally similar to original
compounds.
Calibration of clopidogrel using voltammetry

Following our comparison between the four techniques,
differential pulse voltammetry was chosen to be the most suit-
able, and therefore we conducted studies to establish a robust
method of measurement. Calibration studies were conducted to
understand the limit of detection and sensitivity for the detec-
tion of clopidogrel. Studies were conducted using the clopi-
dogrel standard and creation of a calibration using serial
dilution of the pharmaceutical tablet. This approach was taken
as previous studies have shown that excipients can reduce the
current response of the active drug.30

Fig. 2A shows differential pulse voltammograms for the
clopidogrel standard. There is a clear relationship between the
current and concentration of clopidogrel. There is a gradual
increase in the oxidation peak potential with increasing
for clopidogrel standards and (B) differential pulse voltammograms for
from the clopidogrel standard and tablet. Data are shown as mean �

Anal. Methods, 2021, 13, 5335–5342 | 5339
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concentration, most likely due to mass transfer effects. Fig. 2B
shows differential pulse voltammograms for the clopidogrel
tablet. The responses also show a relationship between the
current and concentration; however the peak shape differs from
those observed within the clopidogrel standard at higher
concentrations. This may be due to interference from excipients
inuencing the peak shape. Fig. 2C shows calibration responses
for the clopidogrel standard and tablet. There was no signicant
difference between the responses, suggestive that excipients did
not have any inuence on the current response over the range of
the calibration plot. Similar studies using voltammetry have
shown that clopidogrel can be determined without the inu-
ence of excipients.28,31 However, given that different formula-
tions or other manufactured tablets may contain excipients that
could interfere with and reduce the current response, the cali-
bration response from the tablet was utilised. The sensitivity
observed was 15.7 mA mg ml�1 and the limit of detection was
0.08 mg ml�1. This method was t-for-purpose and thus is
comparable to other approaches focused on the determination
of clopidogrel in pharmaceutical formulations.27,28,31,32
Method development for precise measurement of clopidogrel
tablets

A robust methodology was established for the assessment of
method precision since this study involved the preparation of
solutions and mixtures of substandard, counterfeited, or
commercial tablets. Tablets were crushed into a coarse powder,
dissolved in citrate buffer to make 1 mg ml�1 solution, and
sonicated to ensure that maximal current was observed. Fig. 3A
shows differential pulse voltammograms where different dura-
tions of sonication were utilised. Fig. 3B shows the response
from multiple replicates, where there was an increase in the
concentration of clopidogrel with increasing time of sonication.
The accurate concentration of the tablet solution was only
detected during and aer 30 seconds of sonication. There was
no difference in the amount of clopidogrel measured when 30
or 45 seconds of sonication was utilised. Following sonication,
the solution was stable for 10 minutes of measurement without
any reduction in the current response.
Fig. 3 Effect of sonication on the recovery of clopidogrel. (A) Differenti
sonication times and (B) relationship between the concentration of clopid
mean � standard deviation, n ¼ 3.

5340 | Anal. Methods, 2021, 13, 5335–5342
To assess the reproducibility of the preparation for robust
measurement of the clopidogrel tablet, we measured 10 tablets
using the established sample preparation approaches, where
the RSD was 1.6%.
Validation studies using prepared substandard and falsied
clopidogrel

To assess the suitability of our established method using vol-
tammetry for the measurement of substandard and falsied
medicines, blinded samples were prepared and run using the
established method. Fig. 4 shows the powdered samples that
were provided and the resultant voltammogram responses in
comparison to the 1 mg ml�1 clopidogrel solution. From the
powdered samples provided, other than sample 5, it was not
feasible to see any noticeable differences in the colour of the
powder. Sample 5 was orange in colour due to the presence of
sunset yellow dye as highlighted in the composition in Table 1,
which is different to the off-white powder of a clopidogrel tablet.

Sample 1 had a peak at the expected anodic peak potential;
however, the current value is lower than the expected value. This
tablet contained 24.2 � 2.3 mg of clopidogrel and thus the
recovery matched that of the formulation highlighted in Table 1.
Sample 2 had no observable response at the expected anodic
peak potential and given no clopidogrel was present this was
expected. However, this tablet contained paracetamol which is
oxidisable and thus could have posed to be an interferent. Study
has shown that when using citrate buffer at pH 3.0, paracetamol
is oxidised at �0.5 V, and thus is at a voltage lower than our
potential window.33 The tail end of this oxidation may be present
at the beginning of the potential window used for the measure-
ment of clopidogrel. Sample 3 has a peak at the expected anodic
peak potential; however, the current value is lower than the ex-
pected value. This tablet contained 22.9 � 3.1 mg of clopidogrel
and thus the recovery matched that of the formulation high-
lighted in Table 1. This response also highlighted that other
excipients did not interfere in the accurate determination of the
amount of clopidogrel present. Sample 4 has an anodic peak
which was slightly more positive than that of clopidogrel and was
amuch broader peak. Previous studies have shown that on a bare
al pulse voltammograms of clopidogrel tablet solutions run at varying
ogrel and time, with the response plateauing at 30 s. Data are shown as

This journal is © The Royal Society of Chemistry 2021
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Fig. 4 Different substandard and falsified samples and the resultant voltammograms with comparison to that of 1 mg ml�1 clopidogrel.
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glassy carbon electrode aspirin oxidation is observed around 0.97
V, which is in the same vicinity where clopidogrel was
measured.34With 100mg of aspirin present within this tablet, the
peak amplitude was still lower and would have agged this
sample as a falsied tablet; however this response highlights that
any substance that could be oxidised at this voltage with similar
peak features of clopidogrel could provide a false positive result
and limit the suitability of voltammetry. Finally, sample 5 had
two smaller peaks, with one around 0.7 V and the other at 1.1 V,
which is a similar region to that where clopidogrel was oxidised.
Due to this additional peak, this measurement gave overall
information that this sample was a falsied tablet although
perhaps with some amount of clopidogrel present. Sample 5 was
a placebo without any clopidogrel and it is plausible that this
interference is due to the presence of sunset yellow dye.

Overall voltammetry provided the ability to clearly identify
the varying samples of substandard and falsied samples. The
presence of a lower concentration of clopidogrel was accurately
determined. Samples where alterative compounds were present
were recognised by this technique as counterfeits. However, like
any analytical approach, voltammetry has limitations, where
substances that can be oxidised at the same voltage as clopi-
dogrel can cause interference and falsely indicate that clopi-
dogrel might be present within the tablet.
Conclusions

Clopidogrel is an important anti-platelet medicine. Falsied
clopidogrel tablets have been recently observed in low to middle
income countries. Many of the existingmethods utilised require
specialised equipment and resources and thus simple effective
approaches that could be used in remote locations do not exist.
This journal is © The Royal Society of Chemistry 2021
This study explores four different analytical approaches for the
measurement and identication of substandard and falsied
clopidogrel. Differential pulse voltammetry was far superior to
MIR, UV/visible spectroscopy and TLC for accurate and precise
measurement of clopidogrel in the presence of excipients. A
voltammetry method was established where samples required
sonication for 30 seconds to provide the accurate measurement
of the tablet concentration. In a blinded study, voltammetry was
successful in the identication of substandard and falsied
formulations. Our ndings clearly highlight that voltammetry is
a useful and accessible technique for remote pharmaceutical
analysis of substandard and falsied clopidogrel.
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11 D. Świeczkowski, S. Zdanowski, P. Merks, Ł. Szarpak,

R. Vaillancourt and M. J. Jaguszewski, Cardiol. J., 2020,
DOI: 10.5603/CJ.a2020.0168.

12 A. Alghannam, Z. Aslanpour, S. Evans and F. Schifano,
Integrated Pharmacy Research and Practice, 2014.

13 H. Rebiere, P. Guinot, D. Chauvey and C. Brenier, J. Pharm.
Biomed. Anal., 2017, 142, 286–306.

14 I. M. Bakker, D. Ohana and B. J. Venhuis, J. Pharm. Biomed.
Anal., 2021, 113948.

15 M. Bernard, W. Akrout, C. T. Van Buu, C. Metz, M. Antignac,
N. Yagoubi and B. Do, J. Sep. Sci., 2015, 38, 562–570.

16 R. Martino, M. Malet-Martino, V. Gilard and S. Balayssac,
Anal. Bioanal. Chem., 2010, 398, 77–92.

17 Y. Yang, D. Song, W. Jiang and B. Xiang, Anal. Lett., 2010, 43,
373–380.
5342 | Anal. Methods, 2021, 13, 5335–5342
18 S. Kovacs, S. E. Hawes, S. N. Maley, E. Mosites, L. Wong and
A. Stergachis, PLoS One, 2014, 9, e90601.

19 H. Yu, H. Le, S. Lumetta, B. T. Cunningham, E. Kaale and
T. Layloff, IEEE Sens., 2016, 1–3.

20 M. D. Green, D. M. Hostetler, H. Nettey, I. Swamidoss,
N. Ranieri and P. N. Newton, Am. J. Trop. Med. Hyg., 2015,
92, 8.

21 J. Sherma and F. Rabel, J. Liq. Chromatogr. Relat. Technol.,
2019, 42, 367–379.

22 G. Assemat, S. Balayssac, A. Gerdova, V. Gilard, C. Caillet,
D. Williamson and M. Malet-Martino, Talanta, 2019, 196,
163–173.

23 H. Rebiere, M. Martin, C. Ghyselinck, P.-A. Bonnet and
C. Brenier, J. Pharm. Biomed. Anal., 2018, 148, 316–323.
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