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ABSTRACT: The opioid overdose crisis in North America <[ ¢ i o savasra ]
worsened during the COVID-19 pandemic, with multiple ! Lt =
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jurisdictions reporting more deaths per day due to the fentanyl- ﬂz: ' ! R,‘ LA ai ™ o
contaminated drug supply than COVID-19. The rapid quantitative =, — - : 1] G ) :: <
detection of fentanyl in the illicit opioid drug supply or in bodily " 2 ot — A
fluids at biologically relevant concentrations (i.e., <80 nM) remains "5’ A ’\\‘ e 5 &
a significant challenge. Electroanalytical techniques are inexpensive ., ; L : ‘
and can be used to rapidly detect fentanyl, but detection limits need =~ °* °' ° 2} 02 o° o4 o¢ [

to be improved. Herein, we detail the development of an
electrochemical-based fentanyl analytical detection strategy that
used a glassy carbon electrode modified with electrochemically
reduced graphene oxide (ERGO) via electrophoretic deposition.
The resulting surface was further electrochemically reduced in the
presence of fentanyl to enhance the sensitivity. Multiple ERGO thicknesses were prepared in order to prove the versatility and ability
to fine-tune the layer to the desired response. Fentanyl was detected at <10 ppb (<30 nM) with a limit of detection of 2 ppb and a
calibration curve that covered 4 orders of concentration (from 1 ppb to 10 ppm). This method was sensitive to fentanyl analogues
such as carfentanil. Interference from the presence of 100-fold excess of other opioids (heroin, cocaine) or substances typically found
in illicit drug samples (e.g. caffeine and sucrose) was not significant.
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H INTRODUCTION
Canada and the United States are in the midst of a public

often not useful since a quantitative response is not generated.
Liquid chromatography mass spectrometry can be used to

health crisis. The number of overdoses and deaths caused by
opioids, including fentanyl, has risen sharply and continues to
rise. From January 2016 to September 2021, almost 27,000
lives were lost in Canada alone due to opioid overdoses, 86%
of them involving fentanyl, and of these, most being accidental
(>98%)."> Coupled with the COVID-19 pandemic, the
overdose crisis has become even more deadly as harm
reduction and addiction services are increasingly difficult to
access.” The huge increase from baseline overdose deaths
(before 2015) related to opioid use is due to the substitution
of heroin and/or cocaine in part or in whole by fentanyl (N-
phenyl-N-[1-(2-phenylethyl)piperidin-4-yl]propanamide)*
and/or its derivatives such as carfentanil® (Figure 1).

The high potency of fentanyl is not only a health challenge
but it also poses a significant analytical challenge for detecting
small amounts of opioids in illicit drug samples for harm
mitigation strategies or in physiological fluids supporting
effective clinical treatments of opioid use disorder.” The
current techniques to detect fentanyl range from non-
quantitative assessments to highly accurate lab-based analytical
quantification. Fentanyl test strips produce a binary response
that is highly sensitive to the presence of fentanyl and provides
a rapid response within minutes, but due to the prevalence of
and contamination by fentanyl in trace amounts, the result is

© 2022 The Authors. Published by
American Chemical Society

7 ACS Publications

identify and measure the concentration of opioids in drug
samples and in human serum;” however, the turnaround time
to process a sample in a centralized laboratory is long, and the
procedure typically requires expensive equipment and
specialized training of technicians; though advances toward
portable MS have been published, they are not yet capable of
point-of-use (POU) applications, which are needed to advance
harm mitigation and drug treatment strategies.” Other
techniques, such as surface-enhanced Raman spectroscopy
and Fourier transform infrared (FTIR) spectroscopy, have
been used previously and have their limitations in analyzing

. 9,10
mixtures.”

Liquid chromatography with electrochemical
detection has been proven to be effective as most compounds
of interest can be oxidized but as with MS are difficult to

translate to POU devices.'' ™3
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Figure 1. Chemical structures of many of the compounds used in this work.

POU electroanalytical devices offer the opportunity to
quickly identify and quantify opioid species.'* Electrochemical
techniques are versatile and can be used on drug samples from
the field or on bodily fluids of a patient for the purposes of
treatment. Electroanalytical devices can be made to be
inexpensive and portable as shown with many examples in
the literature such as the implementation of a micro-catheter
for continuous monitoring of fentanyl,'* or with micro-needle
sensor arrays,'® or using modified disposable screen-printed
electrodes."”'® A recent review of these electroanalytical
approaches used to quantify fentanyl'® highlighted the need
to improve detector sensitivity to measure low-concentration
contamination in street drugs or at physiologically relevant
concentrations (80 nM or 30 ppb) and for the identification of
common fentanyl analogues that are part of the illicit drug
supply.

Herein, we show that using a glassy carbon (GC) electrode
modified with graphene oxide (GO), electrochemical detection
is rapid and highly sensitive (<10 ppb) to the presence of
fentanyl and competitive with other electroanalytical ap-
proaches.'” ™' Furthermore, we have been able to identify
and quantify fentanyl and fentanyl derivatives and in the
presence of fillers or cutting agents or other opioids without
requiring a chromatographic separation.

B MATERIALS AND METHODS

Chemicals. Aqueous solutions of phosphate-buffered saline
(PBS) (1.8 mM KH,PO,, 10 mM Na,HPO,, 2.7 mM KCl, and
137 mM NaCl all from Fisher Scientific) pH 7.4 were prepared
with Millipore Milli-Q_ultrapure water (18.2 MQ cm). The
GO suspension (Graphenea, particle size < 10 yum) was diluted
from 4 mg/mL to a final concentration of 1 mg/mL with PBS.
Fentanyl, norfentanyl, alfentanil, carfentanil, lorazepam, heroin,
and cocaine were all sourced as analytical standards (1 or 0.1
mg/mL in methanol or acetonitrile) from Sigma-Aldrich
(Cerilliant), and caffeine and sucrose (from Sigma-Aldrich)
were diluted to the required final concentration with PBS
(structures are shown in Figure 1).

Electrochemistry. The electrochemical experiments were
conducted in a glass cell in a three-electrode configuration with
the GC working electrode (CHI104, 0.3 cm dia.), a Ag/AgCl
reference electrode (BASi), and a platinum counter electrode
connected to a potentiostat (Autolab PGSTAT12). All
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solutions were deaerated with Ar to remove O,. All potentials
are with reference to Ag/AgClL.

Cyclic voltammetry (CV) measurements were typically
performed at 100 mV/s. Square wave voltammetry (SWV)
measurements were performed using a S mV step potential and
a 20 mV amplitude at 25 Hz. Additional frequencies of 7 and
37 Hz were used. The positive going potential scans were
analyzed using MATLAB. The peak currents were extracted
after correcting for the background and fitting the SWV peaks
to a Gaussian.

Electrochemical impedance spectroscopy (EIS) was per-
formed at —0.1 V to avoid possible interference with the
fentanyl peak centered at 0.08 V. A 10 mV root-mean-square
perturbation was applied over a frequency range from 1 Hz to
10 kHz. The impedance spectra were fit to one of two
equivalent circuits (shown in Figure S1) that were composed
of a solution resistance (R,,,) in series with a parallel
combination of a constant phase element (CPE) (Z¢pg) and a
series R and C representing the volumetric charging of the
deposited GO (RC). The stray capacitance (Csmy) was also
part of the fitting, but this value (20—40 nF) did not fluctuate
between samples and was characteristic of the measurement
setup. The statistically relevant equivalent circuit (p = 0.05)
was determined using an F test following the literature.””

Cleaning and Conditioning of the GC Electrode.
Before each use, the GC electrode was rinsed with Milli-Q_
water, polished on a nylon pad with a thin slurry of alumina
(0.05 um, Metrohm), and thoroughly rinsed under a steady
stream of Milli-Q water again. At the beginning of the day,
prior to any electrochemical experiments, the electrode was
placed into the PBS electrolyte, and a series of potential pulses
were applied (—1.8 V for 0.1's,0 V for 1 s, repeated 100 times)
to condition the electrode.

Electrophoretic Deposition and Reduction of GO. The
polished and conditioned GC electrode was immersed in a GO
suspension (1 mg/mL) in PBS. The solution was deaerated
with Ar to remove dissolved O,. A single CV cycle (100 mV/s)
from 0.1 to —0.8 V was recorded using a Ag/AgCl reference
electrode. Subsequently, —0.85 V was applied until a fixed
amount of charge (—0.25, —0.5, and —1 mC) was delivered to
the electrode. Examples are provided in Figure S2. The
currents were between 1 and 2 yA over 200—400 s.

The electrophoretically deposited layers of GO were
electrochemically reduced onto the GC electrode during

https://doi.org/10.1021/acs.analchem.2c02057
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Figure 2. (a) Oxidation of fentanyl (1 ppm or 1 mg/mL) on GC. (a) CV (20 mV/s) and (b) SWV (25 Hz) of GC before (dashed line - - -) and
after (solid line —) scanning to +1.0 V/AgAgCl in the presence of 1 ppm fentanyl.
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Figure 3. (a) SWV peak currents for the +0.08 V/AgAgCl redox process after applying a fixed potential for a total of 1, 2, 3, and 4 min. (b) SWV
peak currents for the +0.08 V/AgAgCl peak after 1 min at the designated potential. The PBS electrolyte contained 1 ppm (1 mg/mL) fentanyl.

SWV was measured at 25 Hz.

deposition at —0.85 V, but as detailed previously,”>** reductive
potential pulses were observed to improve the quality of the
deposit. The modified electrode was placed into the PBS
electrolyte (without or with fentanyl) and a series of potential
pulses were applied (—1.8 V for 0.1 s, 0 V for 1 s, typically
repeated 200 times), while the solution was stirred.
Electrochemical Analysis of Fentanyl and Fentanyl
Derivatives. Fentanyl and fentanyl derivatives were diluted
from the analytical stock solutions with PBS to afford the final
concentrations analyzed [ranging from 1 ppb (or 1 pg/mL) to
10 ppm (or 10 mg/mL)]. A potential of +0.8 V (unless
otherwise indicated) was applied for 1 min (or in 1 min
increments for a total oxidation time of 4 min) to oxidize
fentanyl while the solution was stirred. After each round of
oxidation, SWV measurements were made as described above.

B RESULTS AND DISCUSSION

Electrochemical Oxidation of Fentanyl on GC.
Fentanyl has an oxidative peak at +0.85 V on GC as can be
seen in the cyclic voltammogram in Figure 2. Fentanyl
analogues were also shown to oxidize at a similar potential."”
The oxidation peak current has been used for quantification;
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however, its usefulness is limited in more complex samples,
such as mixtures consisting of other opioids (e.g., cocaine and
heroin), due to their similar oxidative peak potentials (Figure
S3). Oxidation of fentanyl at positive potentials resulted in the
appearance of a new set of redox peaks at +0.08 V as previously
reported.'”” Figure 2 confirms that the oxidation of fentanyl
was necessary to produce the new redox features at +0.08 V
corresponding to a byproduct of fentanyl oxidation. The
oxidation at +0.8 V was proposed to be a de-alkylation of
fentanyl to produce norfentanyl' thought to be the redox-
active compound at +0.08 V. This hypothesis will be tested in
our work. The oxidized fentanyl appeared to adsorb onto the
electrode surface, which was confirmed since the peak currents
were linear with an increasing CV scan rate (Figure S4).
SWV was used to measure the presence of adsorbed fentanyl
oxidation products at +0.08 V. SWV allowed for a measure-
ment with decreased background capacitance signals as
compared to CV. The oxidized fentanyl redox peak is
significantly far removed from the oxidation at higher
potentials (+0.8 V) and facilitates a sensitive approach for
the quantification of fentanyl, even in the presence of other
opioids. This redox feature can be exploited for fentanyl
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Figure 4. (a) SWV peak current from the oxidized fentanyl redox at +0.08 V/AgAgCl for three different ERGO layers (increasing deposition
charge) for increasing deposition time at +0.8 V/AgAgCl. These layers were pre-treated using 200 reductive potential pulses in the presence of 0.5
ppm fentanyl. (b) SWV peak currents measured after pre-treatment with different numbers of reductive potential pulses for the 0.5 mC ERGO
deposit in PBS with 0.5 ppm fentanyl for increasing deposition time at +0.8 V/AgAgCl. A flowchart is provided outlining the workflow.

quantification using an oxidative adsorption strategy that
enables accumulation on the electrode surface (pre-concen-
tration step) prior to measurements using SWV.

To optimize the sensitivity of fentanyl detection, discrete
oxidative potentials were used for a range of deposition times.
The GC potential was held at discrete values, from +0.5 to +1
V at 0.1 V increments, for 1 min of oxidation and repeated for
up to a total of 4 min of oxidation. After each minute at the
constant potential, a SWV (—0.4 to +0.4 V) was measured, and
the adsorbed oxidized fentanyl redox peak heights were
determined (Figure 3). For each potential used to oxidize
fentanyl, the majority of the signal was obtained after 1 min,
with a minimal increase in signal and/or saturation was
observed within 4 min. A significant potential dependence was
noted with the optimum oxidative adsorption potential of +0.8
V. Higher potentials, such as +0.9 and +1 V, resulted in a
decrease in the fentanyl signal, which could be attributed to the
oxidation of the carbon surface. The amount of oxidized
fentanyl accumulated on the GC surface that remained for
subsequent SWV analysis appeared to have had a potential
dependence that correlated with the oxidation observed in CV,
clearly indicating that the redox process at +0.08 V required
the oxidation of fentanyl at positive potentials. No measurable
signal was obtained for oxidation at potentials below +0.5 V.

The sensitivity of fentanyl analysis using a polished GC
electrode was found to have a limited range (vide infra).
Improvements in sensitivity can be achieved through
modification of the electrode surface with carbon nanoparticles
or graphene, which was demonstrated for fentanyl detection in
particular.21 To improve the analytical performance, the GC
surface was modified with the electrophoretic deposition and
reduction of GO following the procedures developed
previously on a gold electrode.”>**

Characterization of the Electrophoretic Deposition of
GO Films on GC. Following previously developed methods,
GO was electrophoretically deposited and reduced on the GC
electrode, producing an electrochemically reduced GO
(ERGO) film. This work follows on from our previous studies
depositing ERGO on gold electrodes and analyzing the ERGO

layers using Raman and assessing the overlazrer conductivity
through the use of metal electrodeposition.”””* We show that
this approach was reproducible and consistent and offers an
alternative to other methods of incorporating GO into
electrochemical sensors.”’ The resulting layers were charac-
terized by CV and EIS to determine the changes to the surface.

Properties of GO Deposits. Initially, three ERGO layers
of differing thicknesses were characterized. The ERGO
deposition was based on the total amount of charge passed
at —0.85 V, which were ordered from thinnest to thickest: 0.25,
0.5, and 1 mC as shown by impedance measurements (EIS).
EIS was performed at —0.1 V to characterize the interface after
deposition and after pulsing treatments (results shown in
Figure SS and Tables S1 and S2). After deposition, the
capacitance of the interface increased with the deposition
charge [the CPE increased from 13.5 (0.25 mC), 22 (0.5 mC),
to 37.7 (1.0 mC), all with the same exponent (0.9—0.93)]
showing the expected increase in surface area. The CPE
exponent characterized the uniformity of the deposit which
was close to 1 (0.91 + 0.01) and did not show any dependence
on the deposition charge. The surface therefore behaved like a
capacitor with increasing surface area with deposition charge
because of increased surface roughness but without significant
porosity. As the rate of deposition did not change dramatically
(Figure S2), the ERGO overlayer would have grown
consistently with time, most likely resulting in the same kind
of non-porous but rough surface.

The analytical performance of the ERGO deposits was
evaluated. Following deposition, the ERGO layer was
subsequently further reduced with a series of 200 potential
pulses (—1.8 V for 0.1 s and 0 V for 1 s) in the presence of 0.5
ppm fentanyl. The eftects of pulsing on the ERGO layer will be
described in the next section. This was followed by the
oxidation for 1 min at +0.8 V in the presence of 0.5 ppm
fentanyl. The negative potential pulsing and +0.8 V oxidation
procedure was repeated for a total of 4 min of oxidation.

As can be seen in Figure 4a, the fentanyl signal increased
with the thicker ERGO layer; an approximate doubling of the
25 Hz SWV peak current measured at +0.1 V correlated with
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Figure S. (a) SWV peak currents for the +0.08 V/AgAgCl redox process on a 0.5 mC ERGO-modified GC electrode conditioned by 200 negative
potential pulses after applying a fixed potential for a total of 1, 2, 3, and 4 min. (b) SWV peak currents for the +0.08 V/AgAgCl peak after 1 min at
the designated potential. The PBS electrolyte contained 0.5 ppm fentanyl. SWV was measured at 25 Hz.

the doubling of total ERGO deposition charge. The advantage
of a thin 0.25 mC layer was that the signal-to-background
current was superior to that of a thick 1 mC layer. A thicker
layer has a larger background charging current due to larger
area and capacitance, making low concentrations of fentanyl
difficult to detect. Conversely, a thick 1 mC layer has a higher
capacity and does not reach saturation as quickly as the thin
0.25 mC layer. Essentially, different thicknesses of ERGO can
be created and fine-tuned for the desired analytical application,
whether high sensitivity or high capacity is required. The 0.5
mC ERGO deposit was selected as having the optimal
background with largest dynamic range for further use.
Examples of the background and oxidized fentanyl signals at
+0.1 V are shown in Figure S8 for GC, 0.5, and 1.0 mC ERGO
deposits.

Electrochemical Reductive Potential Pulsing of the
Deposited ERGO Layer. As demonstrated above, a number
of reductive potential pulses were applied after the deposition
of GO on GC because they were previously shown to anneal
the carbon flakes of the GO together and create a more robust
layer.”>** Further study was done on the effect of reductive
pulses (0, 50, and 200 pulses) on an ERGO layer deposited
with 0.5 mC of total charge (Figure 4b). At a fentanyl
concentration of 0.5 ppm, if no pulses were applied, the
fentanyl signal increased gradually with each round of
oxidation for 1 min and had characteristics of diffusion;
however, in both cases with the 50 and 200 pulses, the largest
fentanyl signal peak was observed after only one round of
pulsing and 1 min of fentanyl oxidation. Pulsing 200 times
resulted in a signal approximately twice as large as pulsing 50
times (Figure S6). It appears that pulsing will allow for more
sensitive and faster measurements, through beneficial changes
in the ERGO layer.

In situ characterization of the pulsed ERGO deposit was
performed using EIS. The changes in the ERGO layer after
pulsing showed that all the surfaces were affected similarly. The
capacitance decreased by 25% for the 0.25 mC layer and 50%
for the other two depositions, indicating a loss of material from
the surface. The CPE exponent decreased from 0.9 to 0.8,
indicating an increase in the porosity of the deposit, although
the data did not fit well for the two layers deposited at higher
charge. Pulsing had a much larger influence on the 0.5 and 1.0
mC layers. An extra time constant parallel to the CPE was
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needed to accurately fit these curves (Figure S1), representing
a significant change in the ERGO layer. Introducing an extra
time constant into the charging of the interface can be
interpreted as a significant increase in porous regions in the
ERGO on the electrode. This can be characterized as a RC
time constant (1 and 1.7 ms for 0.5 and 1 mC respectively),
indicating the charging rate for these porous regions. Pulsing
was previously reported to remove the GO overlayer that was
deposited electrophoretically but not reduced.”*** This
overlayer on the pre-pulse ERGO deposit appeared to have
similar EIS characteristics (the same CPE exponent
independent of the deposition time/charge) except for the
increased roughness with longer deposition time (Figure SS).
The negative potential pulse treatment was proposed to reduce
water and create H, on the electrically conductive ERGO. This
would act to remove the non-conductive overlayer and allow
for ingress of the electrolyte into the newly uncovered or newly
created porous structures.””** The EIS results are in line with
this hypothesis.

A Dbenefit of pulsing and further reduction of the ERGO was
that pulsing quickly increased the fentanyl concentration in the
ERGO layer. Pulsing increased the rate of ingress of the
electrolyte (and fentanyl) into the porous ERGO structure.
This strategy of using potential cycling or pulsing is used to
improve the wettability of carbon felts or carbon blacks.”®
Additional pulsing and oxidation at +0.8 V up to 4 min
decreased the peak current at +0.1 V. This may be a result of
the over-oxidation of the ERGO layer, although the decrease
was not observed for the no-pulse measurements. More likely,
pulsing impacted the diffusion both into and out of the ERGO
deposit, resulting in the loss of oxidized fentanyl from the
electrode surface with additional pulsing treatment. The major
benefit of pulsing an ERGO layer in a solution of fentanyl is an
increase in measurement speed and, in this case, only one
round of pulsing and subsequent oxidation of fentanyl is
required.

Electrochemical Oxidation of Fentanyl on ERGO. After
having determined the suitable parameters for the construction
of an ERGO film on GC, namely, a total charge deposition of
0.5 mC followed by a series of 200 reductive pulses, the surface
was rigorously tested for the analysis of fentanyl in PBS. As
established in the previous section, fentanyl was oxidized for 1
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min at +0.8 V to obtain the largest signal in the shortest period
of time.

To ensure a similar behavior on ERGO as on GC, the
potential dependence of oxidized fentanyl was measured at
discrete potentials in 0.1 V increments from +0.5 to +1 V. The
SWV peak at +0.08 V due to redox of the products of fentanyl
oxidation measured on ERGO was similar to that of GC, in
that the maximum fentanyl signal of 23 uA was obtained at the
same potential of +0.8 V (see Figure S). The large increase in
current after a 1 min oxidation at +0.8 V was dramatic at this
potential and only observed at +0.7 V but not at other
potentials. This behavior was described in the previous section
where a series of negative potential pulses likely ensured that
the largest amount of fentanyl was in the ERGO film at
equilibrium, and additional rounds of pulsing and oxidation
appeared to have minimal or perhaps a deleterious effect due
to diffusion of the adsorbed species out of the ERGO and/or
over-oxidation of the carbon surface.

Under these optimal conditions, a calibration curve for the
detection of fentanyl using the SWV peak currents at +0.1 V
was generated using an ERGO layer created with a total charge
deposition of 0.5 mC (Figure 6). A measurable peak was
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Figure 6. Calibration curve for fentanyl detection using an ERGO-
modified GC electrode (0.5 mC deposit) based on SWV peak height
measured with 25 Hz. Each data point is a separate ERGO layer,
subjected to 200 negative potential pulses and 1 min oxidation at +0.8
V/AgAgCl. The curve is from fitting the Langmuir adsorption
isotherm with ', = 55 + 5.4 uA and K4 = 1.95 + 0.25 ppm (* =
0.92). The red line represents the LOQ_estimated to be 10X the value
of the peak height uncertainty (0.02 yA) obtained in the analysis of
the SQV data for [fentanyl] = 0 and 1 ppb, which was 0.2 pA
corresponding to 2 ppb.

recorded over a wide range of concentrations, 1 ppb to 10 ppm
in PBS (examples of the SWV scans for each concentration is
shown in Figure S7). Importantly, each data point was a
separate, independent ERGO layer that was fabricated for the
single, one-time oxidation of fentanyl. Fentanyl was detected at
the lowest concentration of 1 ppb (or 1 ug/mL) with a signal
of 0.15 + 0.02 pA (error is the uncertainty in the fitted peak
height). The SWV measurement of the electrolyte measured in
the absence of fentanyl did not detect a measurable peak at
+0.1 V with the same uncertainty of 0.02 yA. Therefore, under

these ideal conditions, using the linear range between 1 and
100 ppb in Figure 6, a 2 ppb limit of quantification (LOQ) can
be achieved. Given the logarithmic calibration curve, the LOQ
was estimated by multiplying the uncertainty in the fitted peak
height by 10X and determining the [Fen] for this value
(represented by the red dashed line in Figure 6).

At higher concentrations (i.e., >1 ppm), the signal becomes
attenuated and may be due to the increasing presence and
interference due to methanol present in the stock solutions
which were used, resulting in concentrations of 0.1% v/v
methanol at 1 ppm and increasing to 1% at 10 ppm fentanyl.
The adsorption properties of oxidized fentanyl may be
sensitive to the hydrophobicity of the electrolyte, which
increased with the addition of methanol. This illustrates the
challenges that are faced when using this non-specific type of
detection. Nevertheless, the calibration curve resembles a
Langmuir adsorption isotherm confirmed by a two-parameter
fit shown in Figure 6. The linear relationship of CV peak
currents on sweep rate measured on GC, and the adsorption
isotherm behavior corroborates the adsorption of oxidized
fentanyl.

The high sensitivity of the 0.5 mC ERGO layer allowed for
the detection of fentanyl to <10 ppb, whereas the lowest a 1
mC ERGO layer or GC could detect was 10 ppb. Replicates
were repeated at 1, 10, and 100 ppb and 1 and 10 ppm three
times. The poor response of the GC (Figure S8), especially
with the roll-off in signal at fentanyl concentrations >1 ppm,
highlighted that using ERGO enhanced the performance and
sensitivity. Although the thicker 1 mC ERGO layer was not as
sensitive as the 0.5 mC ERGO layer (Figure S8), the advantage
of a thicker layer is that it can detect fentanyl at higher
concentrations without reaching saturation as quickly as the
0.5 mC ERGO layer. Tuning the ERGO modification of the
surface for a specific analytical requirement is possible, for
example, for higher sensitivity applications such as measuring
fentanyl at biologically relevant concentrations using the 0.5
mC ERGO layer or for lower sensitivity applications where a 1
mC ERGO layer could be used in the rapid assessment of drug
samples.

The calibration curve showed how replicable the approach
is—in particular, since each ERGO layer was created
repeatedly—and measuring fentanyl, especially without the
need for standard addition or internal standards. By being able
to measure fentanyl concentrations equivalent to 3 nM (1
ppb), the approach of using ERGO to enhance sensor
sensitivity is sufficient for quantifying fentanyl at biologically
relevant concentrations (<80 nM), though further work is
required to realize these detection limits in complex biological
matrices."”

Detection and SWV Frequency Dependence of
Fentanyl and Derivatives. Arguably, the difficulties in
identifying opioids in the drug supply are the rapidly evolving
nature of synthetic derivatives and the rapid assessment of the
presence and identification of fentanyl and other more potent
fentanyl derivatives. As shown earlier, the oxidation of fentanyl
results in a signal corresponding to an adsorbed species at
+0.08 V. In addition to fentanyl, other derivatives have been
tested: norfentanyl (a precursor in the synthesis of fentanyl),
carfentanil (a more acutely potent and highly toxic derivative
of fentanyl), and alfentanil (another synthetic opioid used for
anesthesia). The structures of these compounds are shown in
Figure 1.
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All fentanyl analogues tested (at 1 ppm) after oxidation at
+0.8 V for 1 min displayed a peak in the SWV (25 Hz) around
+0.08 V (see Figure 7). Unique electrochemical signatures for
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Figure 7. SWV scans (positive scans) for four different fentanyl
analogues (1 ppm) measured at 25 Hz on a ERGO-modified GC
electrode (0.5 mC after 200 negative potential pulses) after 1 min
oxidation at +0.8 V/AgAgCl. Inset: Comparison of the frequency-
normalized peak currents with SWV frequency for the four fentanyl
analogues (Fen—fentanyl, Nor—norfentanyl, Car—carfentanil, and
Alf—alfentanil).

each compound were observed and could be used for
identification and quantification; for example, alfentanil
showed a peak of 18 pA that was the most positive at +0.14
V, whereas carfentanil had a peak of 9 yA at +0.10 V and also
produced a secondary peak at +0.42 V that could be useful for
measurements of mixtures.

Oxidizing norfentanyl yielded a peak that was centered at
the same potential as fentanyl (+0.08 V), although the
magnitudes were very different (34 A for fentanyl compared
with 0.5 pA for norfentanyl). In the literature, it is theorized
that the adsorbed species formed from fentanyl oxidation is
norfentanyl;'” however, it appeared that the proposed
mechanism of oxidation on the ERGO surface was not
supported with our data given that there was no evidence of
norfentanyl redox from the full SWV scans (Figure S9b) and a
very small redox peak after norfentanyl oxidation at +0.8 V. It
is possible that +0.8 V is not the optimal oxidation potential for
norfentanyl (closer to +1.0 V), but its presence alone does not
yield a large signal (as would have been expected had
norfentanyl been the redox-active byproduct at +0.1 V as
reported previously in the literature). Oxidation of norfentanyl
was necessary to produce an adsorbed species with similar
electrochemical characteristics as that of oxidized fentanyl.
Further study is required to identify the redox-active adsorbed
oxidation product of the fentanyl family of compounds.

The fentanyl analogues analyzed differed in the peak
potentials measured using SWV and can be advantageous as
this property could be used to differentiate between
compounds. The peak potentials measured at 25 Hz for the
adsorbed oxidized compound differed significantly in some
cases (e.g., a +40 mV shift for alfentanil vs fentanyl), which
could be exploited for identification. Similarly, the peak

amplitude varied depending on the SWV frequency. As
depicted in Figure 7b, all the compounds behaved differently
when the SWV measurements were made at 7, 25, and 37 Hz
(the SWV are directly compared in Figure S9). The SWV of
the adsorbed redox-active species was sensitive to the
measurement frequency. The standard rate constant (k) can
be estimated by finding the frequency where Ai/f is a
maximum.”®”” Due to the restricted frequency range
measured, the data suggest that the redox of the fentanyl
oxidation product has a much larger k, than the oxidation
product for the other analogues. Ai/f decreased with frequency
for both carfentanil and alfentanil. More study is warranted to
investigate the origin of this difference and the oxidation
products that are adsorbed. From an analytical point of view,
the combination of differing peak potentials in conjunction
with the peak current frequency dependence could be used to
selectively identify fentanyl and common fentanyl derivatives
in a solution using only electrochemical measurements.

Detecting Fentanyl in the Presence of Other Opiates
or Cutting Agents. The illicit opioid drug supply contains a
number of other compounds in addition to the opioid. Often,
the sample can contain other psychoactive substances, either
unwanted or unknown. In Canada, more than 50% of the
accidental deaths involved a stimulant (e.g., cocaine),
illustrating the complex nature of the overdose crisis.'
Presently, the use of fentanyl as an opioid of choice has
resulted in a demand for fentanyl. The wide range of fentanyl
content in the unregulated drug supply results in many
overdose deaths. A quantitative measure of fentanyl in the
illicit drug supply would be beneficial for harm reduction
strategies, preventing overdose and death.”””” We show the
advantages of our electrochemical approach of quantifying
fentanyl in a drug sample, or as the adulterant in heroin and
cocaine samples without having to physically separate fentanyl
using a liquid chromatography separation column in an
additional step, saving time.

Given that the major oxidative signal for fentanyl, heroin,
and cocaine occurs between +0.8 and +1 V (Figure S3), that
peak has limited utility in measuring the constituent
components from a mixture. As established earlier, the
oxidative product of fentanyl and its analogues has an
adsorptive peak at +0.08 V and can be used to isolate and
measure the fentanyl component of a fentanyl/heroin or
fentanyl/cocaine mixture. This was done using a ratio of
fentanyl to heroin or fentanyl to cocaine in these experiments,
which ranged from 0.1 to 10%. The upper maximum was based
on the previous literature, indicating that most drug samples
consisted of about 10% fentanyl and overdose deaths revealed
an average of about 10% fentanyl to morphine in blood.*

Measurements using a mixture of heroin at 10 ppm and
fentanyl ranging from 0.01 to 1 ppm (0.1—10%, respectively)
were performed. Fentanyl was quantified in the presence of
heroin using the adsorption of the oxidized fentanyl (Figure 8).
The fentanyl response was attenuated by 40—50% relative to
the calibration curve generated in Figure 6, but the response is
similar and follows the same trend. A mixture of cocaine at 10
ppm and fentanyl ranging from 10 ppb to 1 ppm also exhibited
a comparable behavior (Figure 8) with a similar attenuation in
the response. The heroin and cocaine additions were from
stock solutions made up in methanol or acetonitrile. The
adsorption of the fentanyl oxidation product may be sensitive
to the hydrophobic nature of the electrolyte as suggested in the

https://doi.org/10.1021/acs.analchem.2c02057
Anal. Chem. 2022, 94, 12706—12714


https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02057/suppl_file/ac2c02057_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02057/suppl_file/ac2c02057_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c02057/suppl_file/ac2c02057_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02057?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02057?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02057?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.analchem.2c02057?fig=fig7&ref=pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c02057?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Analytical Chemistry

pubs.acs.org/ac

A Fen _-
v +10ppm Her L&
| > +10ppm Coc -7 >
4|| < +10ppm Suc ﬂ//
10" |- — Lang fit S
>
/7
—_ 7/
< /
= ’
= ’
< //
100} ik
t s
S0
/
7/
7/
/
10
107 1072 107! 10° 10
[Fen] (ppm)

Figure 8. Calibration curve for fentanyl detection using an ERGO-
modified GC electrode (0.5 mC deposit) based on SWV peak height
measured with 25 Hz. Each data point is a separate ERGO layer
subjected to 200 negative potential pulses and 1 min oxidation at +0.8
V/AgAgCl. The fitted curve shows the Langmuir adsorption isotherm
from Figure 6. Fentanyl was determined in the presence of 10 ppm of
heroin (Her), cocaine (Coc), or sucrose (Suc).

calibration curve results (Figure 6). This characteristic points
to the need for an internal standard to ameliorate these errors.

By extension, the detection of fentanyl is possible in the
presence of other compounds used to bulk-up illicit drug
samples, such as sucrose and caffeine; those compounds do not
display an electrochemical signal (Figure S10). As illustrated in
Figure 8, the presence of sucrose did not significantly affect the
fentanyl measurements above 10 ppb. This is important since
current methodologies utilize FTIR measurements,'’ which
suffer from low sensitivity for fentanyl and the presence of
sucrose complicates the quantification of fentanyl. Here, we
have established a procedure that enables the in situ detection
of fentanyl in the presence of sucrose. FTIR would also
struggle with analysis of carfentanil as it would be present in a
lower concentration.

In addition, the recent prevalence of benzodiazepines in the
illicit drug supply”” demonstrates that there is a pressing need
to be able to detect and quantify both drugs. The fentanyl
signal can be separated out from benzodiazepines, such as
lorazepam, as it has an oxidative peak around +1.1 V far from
the adsorptive peak of fentanyl at +0.08 V.

B CONCLUSIONS

Electroanalysis of fentanyl was demonstrated via the
adsorption of the oxidation product of fentanyl, which was
used for quantification on GC electrodes. The optimal
oxidation potential was determined to be +0.8 V/AgAgC],
resulting in maximum redox peak currents at 0.08 V/AgAgCl
when measured by SWV at 25 Hz. Improved detection limits
were achieved with an ERGO modification of the GC
electrode. This created a large surface area and a porous
electrode surface, which enhanced the detection limit of the
adsorbed oxidation product of fentanyl. The ERGO deposition
conditions could be modified to optimize the deposit (thick or
thin) tailored to the analytical requirements of greater
sensitivity or a larger working range. Before analytical
measurements, a pre-treatment using reductive potential
pulsing was found to quickly exchange the electrolyte within
the extended (three-dimensional) electrode volume, reducing
the time for analysis. The LOQ was estimated to be <10 ppb
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under optimal conditions in PBS using SWV. Fentanyl
analogues such as carfentanil and alfentanil were also detected
using the same method but at differing levels of sensitivity.
Differences in the redox potential and the frequency
dependence of the SWV peak currents were observed, which
provide an opportunity for detection of a mixture of fentanyl-
like compounds using this method. Norfentanyl did not
produce a significant redox peak under these conditions,
suggesting that it is not the adsorbed product of fentanyl
oxidation that was used for quantification. Fentanyl detection
via the adsorption of oxidized fentanyl produced similar results
in the presence of a 100-fold excess of other compounds that
may be found in illicit drug samples such as heroin, cocaine,
caffeine, or sucrose. This measurement strategy provides a
platform for the development of an inexpensive and sensitive
POU device for drug checking services, which form part of the
harm mitigation strategies used in response to the opioid
overdose crisis.
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