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Reliable identification of fentanyl and fentanyl analogs present in seized drug samples is
imperative to the safety of first responders and laboratory personnel and informs the future
analysis process and handling procedures. The electrochemical-surface enhanced Raman
spectroscopy (EC-SERS) method developed in this work allows the in-situ preparation of
the SERS substrate providing a rapid, efficient, and accurate approach to detect fentanyl,
even at low percent by weight concentrations common in seized drugs. Optimization of the
electrochemical potentials suitable for the SERS substrate preparation and adsorption of
the analyte was achieved using multi-pulse amperometric detection. This method
demonstrated large enhancement of the SERS response. This method was applied to
six fentanyl analogs with substitutions to the amide group, representing small changes in
the fentanyl core structure. Identification of these analogs through differences in the EC-
SERS spectra was evident. Interference studies incorporating analytes frequently
encountered with fentanyl including heroin, cocaine, methamphetamine, naltrexone,
and naloxone were assessed and found to offer limited to no interference. The limits of
detection of the fentanyl compounds were in the low to mid nanograms per milliliter range,
with the most sensitive compound detected at 10 ng/ml. Application of the method to
simulated drug mixtures was performed to determine fit-for-purpose. In all mixtures with
fentanyl as the minor contributor, fentanyl was correctly identified, including mixture
samples comprised of 5 and 1% fentanyl. This approach represents the first in-situ
EC-SERS analysis of fentanyl and its analogs and provides accurate and efficient
screening for fentanyl in seized drug samples.

Keywords: electrochemical-surface enhanced Raman spectroscopy (EC-SERS), fentanyl, fentanyl analogs, seized
drugs of abuse, forensics, drug screening, drug mixtures
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INTRODUCTION

Seized drugs represent a large proportion of cases submitted to
forensic laboratories each year, with over 1.5 million drug cases
reported in the United States in 2019 (U.S. Drug Enforcement
Administration Diversion Control Division, 2020). In addition,
the prevalence of fentanyl and its analogs continues to pose risks
for society. Fentanyl has remained in the top 5 drugs encountered
by forensic laboratories each year since 2017 and acetyl fentanyl
and 4-ANPP have been in the top 25 (U.S. Drug Enforcement
Administration Diversion Control Division, 2018; U.S. Drug
Enforcement Administration Diversion Control Division, 2019;
U.S. Drug Enforcement Administration Diversion Control
Division, 2020; U.S. Drug Enforcement
Diversion Control Division, 2021). Since the rise of fentanyl
analogs, drugs containing a similar core structure to fentanyl,
identification, scheduling, and differentiation have been
cornerstones of the forensic community’s response to the
growing problem. However, similar structures and presence at
lower concentrations and with other drugs has posed problems
for traditional on-site detection techniques for both identification
purposes and risk assessment for first responders and crime
scene units.

With advancements in technology, the field of forensics
continues to search for ways to screen seized drugs without
the use of chemical color tests due to their subjective
interpretation and lack of specificity. On the other hand,
Raman spectroscopy has been presented as a viable alternative
to color tests because of improved specificity and the possibility
for objective analysis and use of libraries. As a form of vibrational
spectroscopy, Raman provides structural information about
analytes of interest, yielding a highly selective analysis,
classified by the Scientific Working Group for the Analysis of
Seized Drugs (SWGDRUG) as a Category A technique for its
discrimination ability (SWGDRUG, 2019). Raman spectroscopy
has been utilized extensively in the analysis of drug analytes with
benchtop and portable instrumentation (O’Connell et al., 2010;
Gerace et al.,, 2019; Omar et al., 2019; Lanzarotta et al., 2020;
Cooman etal., 2021). However, a main drawback to this approach
is generally sensitivity, where some drugs are present in authentic
samples at a low percent ratio, sometimes masked by diluents or
prone to fluorescence, making their analysis challenging with
many portable methods.

One method to overcome this challenge has been the use of
surface enhanced Raman spectroscopy (SERS), a phenomenon
discovered by Fleishman et al. (1974). This phenomenon relies on
the plasmonic properties of metallic nanostructures to greatly
enhance the Raman signal of the molecules adsorbed over those
structures (Wu et al., 2008; Langer et al., 2020), making single-
molecule detection of several analytes possible (Chen et al., 2015).
The use of SERS for analyzing drug analytes has become quite
popular. In fact, the investigation of many drugs of abuse has been
explored with SERS including amphetamines, MDMA, and
amphetamine-like substances (Bell et al, 2000; Sagmiiller
et al., 2001; Faulds et al., 2002); barbiturates (Farquharson and
Lee, 2000); mephedrone (Mabbott et al., 2013); and other types of
drugs including cocaine, morphine, hydrocodone, fentanyl,
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codeine, diazepam, and fentanyl analogs (Farquharson et al.,
2011; Rana et al, 2011; Leonard et al., 2017; Haddad et al.,
2018; Shende et al., 2019b; Wang et al., 2019, Smith et al., 2021;
Wang H. et al,, 2021; Wang L. et al., 2021; Wilson et al.,, 2021;
Zhang et al., 2021). The use of SERS has also enabled the analysis
of these drug analytes in toxicological specimens such as urine,
saliva, and blood (Inscore et al., 2011; Andreou et al., 2013; D’Elia
et al., 2018; Shende et al., 2019a; Sivashanmugan et al., 2019; Han
et al., 2021).

While most of the previously cited literature use metallic
nanostructures for the Raman enhancement, in-situ
preparation of a suitable substrate may be desirable to simplify
the analysis procedure, reduce the number of needed resources,
speed up analysis, and to improve reproducibility. Therefore,
electrochemical-surface enhanced Raman spectroscopy (EC-
SERS) has become a useful spectroelectrochemical approach.
In an EC-SERS methodology, the SERS substrate is prepared
by electrochemical roughening and generation of nanoparticles
in-situ, differing from other approaches where the electrodes are
modified with nanoparticles or colloids or where electrochemistry
is used for preconcentration (Robinson et al., 2012; Jiménez-
Pérez et al,, 2016a; Jiménez-Pérez et al., 2016b; Ameku et al,,
2019).

The use of EC-SERS is explained in detail in several papers for
the detection of redox probes and multivitamins, as well as other
analytes (Herndndez et al,, 2018; Martin-Yerga et al., 2018a;
Martin-Yerga et al., 2018b; Hernandez et al., 2020; Ibanez
et al., 2020). The application of the proper electrical potentials
will result in the oxidation and reduction of the metal electrode
surface, generating nanostructures and often adsorbing the
molecule to the surface of the electrode, resulting in
enhancements in the Raman signal or detection of a
previously undetectable analyte. Of the literature regarding
EC-SERS approaches, two could fall into the realm of forensic
analysis. Bindesri et al. (2020) reported the detection of THC and
THC-COOH in saliva, and Ibafiez et al., 2021 reported the EC-
SERS detection of several pesticides on gold electrodes.

To our knowledge, time-resolved in-situ EC-SERS has not
been utilized to investigate the behavior of fentanyl and fentanyl
analogs, nor for the quantitative analysis of fentanyl. Herein, we
present a simple, selective, and sensitive method for in-situ EC-
SERS identification of fentanyl and related compounds.
Characterization and description of the generation of the silver
substrate using EC-SERS is provided. Time-resolved
measurements provide information regarding the behavior of
these analytes under various conditions and differentiation of
analog compounds is discussed. The result presented provide a
platform for increased sensitivity and future analysis of other
seized drug analytes by these methods.

MATERIALS AND METHODS

Chemicals and Reagents

Fentanyl, 4-ANPP, Valeryl fentanyl, Furanyl fentanyl,
Methoxyacetyl fentanyl, Acetyl fentanyl, Acryl fentanyl, and
2'-fluoro ortho-Fluorofentanyl were purchased from Cayman
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Chemical Company (Ann Arbor, MI). Perchloric acid was
obtained from Fisher Scientific (Fair Lawn, NJ). Potassium
chloride was received from Sigma-Aldrich (St. Louis, MO).
Water (18.2 MQ)) was obtained using a Millipore Direct—Q®
UV water purification system (Billerica, MA).

Instrumentation and Electrodes

A 785 nm-SPELEC commercial Raman spectroelectrochemistry
instrument was purchased from Metrohm DropSens,
United States with DropView SPELEC data analysis software
(version 3.2.2 18LZ04), allowing for time-resolved measurements
between electrochemical and spectroscopic data. Silver screen-
printed electrodes (SPEs) DRP-C013 were obtained from
Metrohm DropSens, containing a silver working and reference
electrode with a carbon counter electrode. The working electrode
had a geometric area of 0.02 cm?.

Surface Characterization

Voltametric approaches were utilized to investigate the
generation of a suitable SERS substrate in-situ at the silver
working electrode surface. An anodic potential of +0.3 V was
applied and then scanned in the cathodic direction until
approximately —0.3 V (after the reduction wave) in a solution
of 0.1 M HCIO, solution supplemented with 0.01 M KCI. For
comparison, pristine silver screen-printed electrodes were used.
Characterization of the surface was performed using both
scanning electron microscopy (SEM) and atomic force
microscopy (AFM). A JEOL SEM JSM7600 operating at
5.0keV was utilized to obtain surface images of the
electrodes between 40X and 30000X. Samples were lightly
coated with carbon using a Denton Desk V Sputter coater

with Carbon Rod Accessory for carbon evaporation.
Additionally, an Asylum Research MFP-3D™ AFM
instrument was used to provide surface topography

information. Additional data processing was performed with
WSXM free software.

Methodology

Samples were prepared to the desired concentration using water,
perchloric acid, and potassium chloride to achieve a final
supporting electrolyte concentration of 0.1M HCIO, and
0.01M KCl. In addition, simulated mixture samples were
prepared to replicate authentic seized samples from a crime
scene or drug seizure containing a binary mixture of analytes
at varying ratios. These mixtures were prepared in similar fashion
as previously described by Cooman et al. (2021). Briefly as an
example, a 1:4 mixture was prepared by combining 10 mg of
compound one with 40 mg of compound two within a plastic bag.
All simulated powdered samples were prepared in this way as
solid mixtures. Prior to analysis, dissolution of a small amount of
the powdered mixture was performed in the supporting
electrolyte. However, for fentanyl and heroin mixtures, solid
samples of heroin were not readily available and instead, these
mixtures were made by preparing each analyte to the same
concentration (10 pug/ml) prior to the preparation of the
mixture ratios by combining the appropriate volume of each
analyte to form the ratio, i.e. 10 uL and 40 L.

Fentanyl Identification by EC-SERS Detection

In-situ roughening and preparation of silver nanoparticles
was achieved using both a cyclic voltammetry (CV) and multi-
pulse amperometric detection (MPD) method to achieve
substrate preparation and analyte analysis in the same
experiment. To this end, samples were analyzed by first
placing a 50 uL drop of analyte and supporting electrolyte on
the silver electrode, covering the three-electrode system
completely. The spectrometer was set to the desired
integration time and laser power, typically 1,000 ms or
5,000 ms and 122.0 or 379.1 mW. Cyclic voltammetry was
used to obtain electrochemical data for the analytes of interest
and to understand the in-situ changes to the electrode surface. CV
measurements were generally performed starting at +0.45V in
the cathodic direction and sweeping between +0.45V and
—-0.40 V. MPD was used for analysis of individual analytes,
interference studies, and simulated samples. The following
MPD method was performed in 5 steps with an interval of
0.1s: +0.45V for 3s, —0.05V for 30s, OCP (open circuit
potential) for 240s, +0.45V for 3s, and —0.05V for 50s.
MPD method was developed based on an optimization process
of the experimental conditions. The resulting EC-SERS spectra
were then utilized for data analysis.

RESULTS AND DISCUSSION

EC-SERS affords the benefits of providing a substrate capable of
enhancing the Raman scattering of the analyte of interest while
reducing the complexity of analysis and allowing in-situ
experiments to occur. A simple method like this is beneficial
for use with portable instrumentation like the one used in this
work, where the procedures and methods must be easy to use and
utilize limited resources, especially in forensic science settings and
crime scenes.

EC-SERS Substrate

First, the process of in-situ generation of the SERS substrate was
assessed using silver screen-printed electrodes and a simple
linear sweep voltammetry method. To this end, an anodic
potential was set to achieve oxidation of the silver electrode
surface (+0.30 V) and then scanned in the cathodic direction
until just after the reduction wave, indicating the formation of
nanoparticles. Both SEM and AFM were used to assess the
surface changes of the silver electrode to determine the presence
and approximate size of the any nanoparticles present. Figure 1
demonstrates the before and after surface analysis of new
electrodes and the SERS substrate surface. Figures 1A,B
demonstrate the reasonably smooth and clean starting silver
surface. In contrast, Figures 1C,D demonstrate the presence of
newly formed nanoparticles and nanofeatures on the now
“roughened” silver electrode, where the enhancement of
Raman scattering can be attributed to effects at these
structures. The approximate size of the nanoparticles
averaged 163 + 81 nm and often appeared in clusters of
several nanoparticles. A histogram of the distribution of the
size of the nanoparticles can be found in Supplementary
Figure S1.
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FIGURE 1 | Surface analysis images of silver screen printed electrodes via SEM and AFM in unused condition (A,B) and with the in-situ preparation of a
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FIGURE 2 | Analysis of a 5 uM solution of Fentanyl in 0.1 M perchloric acid +0.01 M KClI for (A) overlay of EC-SERS spectra on the same y-axis scale for the
evolution of the Raman spectrum of Fentanyl during the MPD method and (B) MPD current response generated from the applied potential at different times and evolution
of the Raman signal during the in-situ preparation of the electrode SERS substrate. A large increase in the Raman signal can be noted around 295 s following the second
reduction potential. Spectra were collected with a 1 s integration time at a laser power of 379.1 mW. The abbreviation a.u. represents arbitrary units.
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EC-SERS Analysis of Fentanyl

A multi-pulse amperometric detection (MPD) method was
created in order to provide a more controlled process over the
development of the SERS substrate for optimal response of the
target molecule. Optimization of the MPD parameters was
manually achieved through assessment of various oxidation
and reduction potentials related to the oxidation and
reduction processes of the electrode materials and analyte, as
well as any possible adsorption of the analyte on the SERS

substrate. To this end, various oxidation potentials and times
were first explored to properly oxidize the silver working
electrode surface. Next, reduction potentials corresponding to
the reduction of silver and generation of nanoparticles was tested
to generate the largest response. During this process, it was
observed that adsorption of the molecule may take place on
the reduced silver surface. Therefore, an adsorption time at the
open circuit potential was applied to the method. SERS generally
relies on the molecule of interest being in close proximity to the
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SERS substrate in order for enhancement to occur, where
generally the best-case scenario is for an adsorbed analyte of
interest. This adsorption time demonstrated the ability to increase
the fentanyl signal when applied for an optimized amount of
time. Figure 2 demonstrates an example of an MPD response for
the in-situ EC-SERS analysis of fentanyl, showing the first and
second oxidation/reduction steps and the OCP time.
Additionally, the evolution of the Raman intensity of the
major Raman shift for fentanyl (~1,004cm™") can be seen,
demonstrating the corresponding Raman intensity with the
amperogram. This figure shows how the Raman spectrum
evolves and changes throughout the MPD method, allowing
one to observe the in-situ preparation of the SERS substrate.

Initially, an oxidation potential, +0.45 V, is applied for 3 s to
generate the oxidation of silver, generating Ag" in solution that is
reduced at —0.05 V for 30 s. This pulse is also useful to start with a
clean surface where no molecules are adsorbed on the electrode
surface. A large increase in the Raman intensity at 1,004 cm™" can
be seen in Figure 2 during this reduction step, where silver
nanostructures are generated on the electrode. The increase of
Raman intensity at 1,004 cm™" occurs twice within the MPD
amperogram, once directly following the first reduction potential
and again directly following the application of the second
reduction potential. However, the increase in Raman intensity
differs for the two regions by approximately 10,000 counts. This
can be attributed to the adsorption of the molecule during the
OCP step, where the molecule may become more concentrated
and in closer proximity to the silver nanostructures generated
during the first set of oxidation and reduction potentials. A slight
increase of Raman intensity at 1,004 cm™" is observed during the
OCP step. The second oxidation potential at +0.45V is applied
rapidly over a short time, 3 s, allowing for the growth of new
nanostructures during the subsequent reduction but allowing the
preconcentrated fentanyl to remain in close proximity to the
surface. The new nanostructures clearly show a higher
enhancement of the Raman signal that could be related to the
generation of new hot spots and to the adsorption of a higher
amount of fentanyl that is available because of the OCP
adsorption step. Figure 2 also demonstrates the development
of the full Raman spectrum of fentanyl during this process, where
clear SERS activity can be noted as evidence from the initial
growth then loss of the Raman signal until the final redox step
where the Raman intensity is highest at 295 s.

Following the development and optimization of method
parameters and demonstrations of the SERS effect, the Raman
spectrum was assessed for identification of Raman shift bands
corresponding to the functional groups present within the
fentanyl molecule. The following Raman bands were identified:
-C-C symmetrical in-plane ring bending and R-CO-NR2 in-plane
bending (619 cm™), C-H rocking (654 cm™), symmetric C-H
bending (746 cm™), asymmetric C-H bending (830 cm™), C-C-
C trigonal bending (1,004 cm™), C-C stretching and C-H in-
plane bending (1,030 and 1,179 cm™"), symmetric C-C stretching
(1,200cm™"), C-N piperidine stretching and C-H wagging
(1,237cm™Y), C-H twisting (1,285 cm™'), CH; and CH,
bending (1,447 cm™'), and C-C symmetric stretching (1,583
and 1,600 cm™!) (HORIBA Jobin Yvon Inc., 2018; Lin-Vien

Fentanyl Identification by EC-SERS Detection

et al., 1991; Leonard et al., 2017). Supplementary Figure S2
presents the fentanyl structure and the EC-SERS spectrum for
fentanyl along with band identifications and Raman shift values
in Supplementary Table S1.

Analogs and Limits of Detection

This method was then applied to several fentanyl analogs
including acetyl fentanyl, methoxyacetyl fentanyl, furanyl
fentanyl, acryl fentanyl, valeryl fentanyl, and 4-ANPP. These
fentanyl analogs represent changes in the amide portion of the
core fentanyl structure and were chosen to demonstrate if similar
molecules differing in changes at one position of the molecule
could be differentiated using this method and approach. The EC-
SERS spectra and molecular structures of the analogs can be seen
in Figure 3. Several distinct areas between these spectra can be
observed, including changes in the ratios of Raman bands. Some
of these main differences have been highlighted in light red within
the figure. It is important to note that many of the bands remain
very similar within the analogs due to their shared core structure.
This is especially evident in the analogs with only changes in the
alkyl chain on the amide such as acetyl fentanyl (1 carbon chain),
fentanyl (2 carbon chain), and valeryl fentanyl (4 carbon chain).
In these analogs, slight spectral differences are present allowing
for discrimination of these analogs using the generated EC-SERS
spectra. The proposed EC-SERS method can help in screening
situations by alerting investigators and laboratory personnel
about the presence of fentanyl or fentanyl analogs within a
sample, an important step to ensure the safety of personnel
and first responders. Additionally, the EC-SERS spectra may
allow specific identification of the fentanyl analog present.
Another important note in these results is the difference in the
4-ANPP structure and spectrum from the other fentanyl analogs.
4-ANPP, also known as despropionyl fentanyl, is a metabolite
and a precursor of fentanyl. Since this structure lacks an amide
group, the EC-SERS spectrum differs from that of the other
fentanyl analogs in several different places as expected due to the
lack of the amide group. Additionally, 4-ANPP also
demonstrated high sensitivity for this method. This increased
sensitivity may result from the overall more linear structure of the
molecule and reduced steric hindrance from absence of the amide
substitution. This could improve the adsorption of the molecule
to the EC-SERS substrate as well as its orientation on the surface.
Chemometric approaches may be utilized in the future in order to
improve discrimination and provide for more objective
assessment of Raman shift band ratios and positions.

Based on the ability to detect fentanyl and its analogs, the
sensitivity of the method was assessed for each of the analytes to
determine the limit of detection. With the objective of offering
screening capabilities for fentanyl compounds, the limit of
detection was experimentally determined by increasingly
diluting samples and measuring the response of the band at
1,004 cm™". This response was tested as the height and area of the
peak and compared to the average response of blank samples (n =
4). The limits of detection (LODs) for the analytes were in the low
to mid parts-per-billion (4-ANPP = 10ng/ml; Acetyl,
Methoxyacetyl, Valeryl fentanyl, and Fentanyl = 100 ng/ml;
Furanyl fentanyl = 300 ng/ml; and Acryl fentanyl = 500 ng/ml).
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It was interesting to note that the fentanyl analogs did not all
exhibit similar sensitivity for the method. Acryl fentanyl and
furanyl fentanyl demonstrated the highest LOD values at 500
and 300 ppb, respectively. Observation of their structures
indicates that in their amide substitution is the introduction of
double bonds (1 in the case of acryl fentanyl and 2 in the case of
furanyl fentanyl). The presence of these double bonds may inhibit
the molecule’s ability to adsorb to the metal surface or may change
the molecule’s orientation when in close proximity to the metal
surface, lowering the observed SERS effect. The presence of the
conjugated system with a five-member ring may be sufficient to
enhance the Raman scattering for furanyl fentanyl more than that
of acryl fentanyl. The remaining analytes demonstrated an LOD
value of 100 ppb with this EC-SERS method with the exception of
4-ANPP. The LOD of 4-ANPP was 10X lower than fentanyl and
was observed to be 10 ppb. One theory for this increased sensitivity

may be that the absence of the amide group results in a more linear
structure overall and may remove some steric hindrance, allowing
the molecule to approach the metal substrate closer, resulting in a
larger enhancement in the scattered radiation. Additionally, the
now available secondary amine may be able to interact and
adsorbed to the silver surface by establishing a bond. The EC-
SERS spectra for the experimental LOD determination of 4-ANPP
can be seen in Figure 4, where the Raman bands of interest can still
be observed at the LOD.

Quantitative Analysis

Assessment of this method for quantitative analysis procedures
was next performed. Using the multi-pulse detection method, a
calibration curve spanning the range of 0.170 pg/ml to 3.4 pg/ml
was established in triplicate for five calibration levels. Good
repeatability was observed with an RSD of 14% with excellent
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of the calibration curve, while the triangle and square point represent the
spiked samples compared to the curve for the low and high concentration
spike, respectively.

linearity demonstrated by an R* value of 0.99 over the wide linear
dynamic range. The calibration curve can be seen in Figure 5
along with test samples. These test samples were prepared to
demonstrate the applicability of the quantitative method for
fentanyl. Proof of concept was achieved by preparing spiked
tap water samples for analysis to represent contaminated water.
These samples were prepared at a high concentration of 2.5 ug/ml

and a low concentration of 0.47 pg/ml and analyzed in triplicate
against the calibration curve. Good accuracy was achieved for the
simulated samples with an average reported concentration of
2.77 pg/ml and 0.53 pg/ml for the high and low and representing
errors of 9.7 and 12.9%, respectively. These results demonstrated
the quantitative ability of this EC-SERS approach for the
detection of fentanyl. In addition, the reproducibility of the in-
situ SERS substrate preparation was evident from these results
with an RSD of 15% calculated from comparison of the slopes of
three calibration curves, demonstrating the ability to perform
repeatable quantitative SERS/Raman experiments.

Interferences and Simulated Samples

Finally, before the assessment of authentic and simulated
samples, interference studies were carried out for analytes
commonly encountered with fentanyl in seized street
samples. These interferences included heroin, caffeine,
cocaine, and methamphetamine. Other interferences were
also  evaluated  including  alprazolam, levamisole,
acetaminophen, and mephedrone. One advantage of this EC-
SERS method over normal Raman analysis is the improved
sensitivity of the method to certain analytes compared with the
bulk analysis common to normal Raman measurements.
Typically, samples containing mixtures of analytes, especially
mixtures where one component is the minor contributor, will
suffer from the Raman signal being dominated by the major
component. However, this is not the case when using this EC-
SERS approach as the developed method did not demonstrate a
response for acetaminophen, caffeine, heroin, mephedrone, or
methamphetamine, allowing for identification of fentanyl in the
presence of these interfering compounds. This may be a result of
selective adsorption of the fentanyl molecule for the silver
substrate, selectivity due to the electrochemical potentials
applied, and lack of Raman enhancement for the molecules.
This can be seen in Figure 6 for mixtures of fentanyl with
heroin, methamphetamine, and caffeine. It is important to note
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Methamphetamine, and (C) 1:20 Fentanyl to Caffeine (<56% fentanyl). Note that the secondary axis is for fentanyl, demonstrating higher sensitivity than the other analytes.

that the fentanyl and caffeine mixture contained less than 5%
fentanyl, representing a very low percent by weight
contribution. Additionally, since no response was seen for
caffeine or heroin, it should be possible to identify the
presence of fentanyl or fentanyl analogs at lower
concentrations than 5% making this method extremely
desirable for street samples of seized drugs as they generally
contain small amounts of fentanyl and for seizures containing
high concentrations or pure samples of fentanyl.

The other interfering compounds tested demonstrated some
response using the method. Cocaine resulted in an EC-SERS
spectrum with the same main Raman band but other bands that
differed from that of fentanyl. However, when assessed in a 1:4
mixture of fentanyl to cocaine, the method demonstrated preference
toward the fentanyl molecule, allowing the fentanyl EC-SERS
spectrum to be resolved from that of the cocaine spectrum,
providing identification of fentanyl. In the cases of alprazolam
and levamisole, the EC-SERS spectra of the two molecules
demonstrated differing Raman bands from that of fentanyl. In
addition, the sensitivity of the two analytes was smaller than that
for fentanyl and are not as commonly associated with fentanyl in
street samples. Supplementary Figure S3 provides the EC-SERS
results for these interfering compounds.

Mentioned previously, an interesting result using this method
is the preference, and therefore selectivity, for fentanyl compared
to other analytes. Although several analytes tested demonstrated
an EC-SERS response, when present with fentanyl in a mixture,
the resulting EC-SERS spectrum was dominated by Raman shifts
associated only with the fentanyl structure. This was true even at
very dilute mixtures. Toward the demonstration of this selectivity,
several other mixtures and possible interfering compounds were
tested. Firstly, heroin samples containing low percentages of
fentanyl are common in the seized drug landscape. Therefore,
several fentanyl to heroin mixtures were assessed. These mixtures
were simulated using liquid standards and combined in a part-to-
part format to form mixture ratios of fentanyl to heroin of 1:20
(5%), 1:50 (2%), and 1:100 (1%). The resulting spectra were
compared against the average blank signal to determine that the
resulting spectrum was above the LOD established previously.
Fentanyl was successfully and clearly identified down to the 1%
contribution and suggests that lower detection may be possible
(Supplementary Figure $4).

Three other analytes were chosen for analysis due to their
combination with fentanyl. However, while the previous analytes
are commonly encountered in street samples, the following
interferents were chosen due to their presence in biological
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samples as a result of treating overdose victims: Buprenorphine,
naltrexone, and naloxone. These analytes are common in
medication-assisted treatment (MAT) and for preventing
opioid overdose and represent opioid receptor antagonists
(naloxone and naltrexone) and partial agonist (buprenorphine)
drugs (Medication-Assisted Treatment, 2021). Due to their
common presence with fentanyl in biological samples,
interference studies were conducted for these drugs as well.
Figure 7A demonstrates the EC-SERS spectra for high
concentrations of the pure analytes. Both naloxone and
buprenorphine did not demonstrate SERS activity using this
method, but naltrexone demonstrated large SERS response.
The naltrexone response is significantly different from that of
fentanyl with several main Raman bands observed. However, as
demonstrated in previous examples, this method is specific for
fentanyl. Therefore, various mixture ratios of fentanyl with

naltrexone were assessed. Figures 7B-D provides evidence
toward the specificity of this method for fentanyl since at all
ratios the majority of signals obtained for the samples were that of
fentanyl. This result supports the importance of a potential
selective adsorption of fentanyl on the roughened silver
electrode surface, allowing fentanyl to exhibit the SERS effect
while suppressing the response from naltrexone. These samples
provide evidence for the selective adsorption of fentanyl and the
presence of a competitive adsorption process occurring. The
Raman spectrum of the fentanyl:naltrexone mixture undergoes
small changes as the amount of fentanyl in the sample decreases.
These changes can be seen at Raman shifts of approximately
1,114, 1,195, 1,234, 1,527, and 1,630 cm™". The increase in
intensity of these bands and change in shape of some bands in
relation to the fentanyl spectrum provides evidence of a
competitive adsorption process between fentanyl and
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naltrexone, where fentanyl outcompetes naltrexone for
adsorption. The presence of these Raman bands suggests that
the slight differences in the spectrum may be a result of the close
proximity of the two molecules on the substrate surface or
adsorption of one molecule on top of the other, altering the
observed Raman scattering. Regardless, the high preference for
fentanyl over the many potential interferences demonstrates the
strength of the developed targeted EC-SERS method.

CONCLUSION

The development of an in-situ EC-SERS detection method for
fentanyl and its analogs was achieved with low limits of
detection and minimal interference from other expected
compounds. To our knowledge, this is the first report of EC-
SERS being used for the detection of fentanyl, representing a
novel application of the technology and facilitating a rapid,
sensitive, and efficient detection platform for seized drugs of
abuse. It was demonstrated that informative Raman bands were
present, allowing for identification of fentanyl and
differentiation of several amide-substituted fentanyl analogs.
In addition, the low detection capability of 4-ANPP is desirable
as this compound is a known precursor material and a
metabolite of fentanyl. The applications of this method
toward screening seized drugs of abuse are apparent with the
simulated case samples containing fentanyl as the minor
contributor mixed with other common substances. This
method was able to identify fentanyl in all the samples.
Moreover, a low percent by weight contribution of fentanyl
provided identifying and characteristic EC-SERS bands during
the analysis, resulting in identification of fentanyl in a mixture
ratio of less than 5% fentanyl by weight and as low as 1%
fentanyl. Indeed, the quantitative ability of this EC-SERS
method was examined. The in-situ preparation of the SERS
substrate demonstrated the reproducible nature of this method
and resulted in the generation of a calibration curve with a linear
dynamic range between 0.17 ug/ml and 3.4 ug/ml with an R®
value of 0.99. The accuracy of this quantitative method was
tested with low percent errors, providing evidence for the
possibility of providing quantitative information along with
the identification of fentanyl.

The highly selective nature of this method for analyzing
fentanyl in the presence of several interfering compounds
including heroin, cocaine, and methamphetamine, represents a
powerful application for screening seized drugs of abuse at the
laboratory and at the crime scene. This will serve to improve the
safety of laboratory and crime scene personnel, provide case
triage, and inform analytical protocols for the analysis of samples.
In addition, the lack of interference from medications such as
naloxone, buprenorphine, and naltrexone presents the possibility
of future applications of this method for the analysis of biological
specimens for fentanyl. Future work will focus on altering these
methodologies created for the screening of seized drugs of abuse
to apply this technique to toxicological matrices such as oral fluid
and urine to provide rapid screening for fentanyl and fentanyl

Fentanyl Identification by EC-SERS Detection

analogs. Environmental applications will be further explored due
to the ability to detect fentanyl in the spiked water samples. The
analysis of water from treatment plants and environmental
sources presents opportunities to trace the use and presence of
these potent drugs within the population and communities.
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