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Abstract: Surface-enhanced Raman scattering (SERS) is an ultrasensitive analytical technique,
which is capable of providing high specificity, thus it can be used for toxicological drug assay
(detection and quantification). However, SERS-based drug analysis directly in human biofluids
requires mitigation of fouling and non-specificity effects that are commonly appeared from
unwanted adsorption of endogenous biomolecules present in biofluids (e.g., blood plasma and
serum) onto the SERS substrate. Here we report a bottom-up fabrication strategy to prepare
ultrasensitive SERS substrates, firstly by functionalizing chemically synthesized gold triangular
nanoprisms (Au TNPs) with poly(ethylene glycol)-thiolate in solid-state to avoid protein fouling,
and secondly by generating flexible plasmonic patches to enhance SERS sensitivity via the
formation of high intensity electromagnetic hot spots. Poly(ethylene glycol)-thiolate-functionalized
Au TNPs in the form of flexible plasmonic patches show two-fold improved signal-to-noise ratio in
comparison to triethylamine-passivated Au TNPs. Furthermore, the plasmonic patches display a
SERS enhancement factor of 4.5 x 107. Utilizing the Langmuir adsorption model we determine
the adsorption constant of drugs for two different surface ligands and observed that the drug
molecules display stronger affinity for poly(ethylene glycol) ligands than triethylamine. Our density
functional theory calculations unequivocally support the interaction between drug molecules and
poly(ethylene glycol) moieties. Furthermore, the universality of the plasmonic patch for SERS-
based drug detection is demonstrated for cocaine, JWH-018, and opioids (fentanyl, despropionyl
fentanyl, and heroin) and binary mixture (trace amount of fentanyl in heroin) analysis. We
demonstrate that applicability of flexible plasmonic patches for the selective assay of fentanyl at
picogram/milliliter concentration levels from drug-of-abuse patients’ blood plasma. The fentanyl
concentration determined in the patients’ blood plasma from SERS analysis is in excellent
agreement with the values determined by paper spray ionization mass spectrometry technique.
We believe that the flexible plasmonic patch fabrication strategy would be widely applicable to
any plasmonic nanostructures for SERS-based chemical sensing for clinical toxicology and
therapeutic drug monitoring.
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INTRODUCTION

Since its discovery in 1974, surface-enhanced Raman scattering (SERS) is one of the
most sensitive and emerging spectroscopic techniques currently available for label-free detection
of analytes at a very high specificity.”® The specificity of SERS technique, along with its non-
destructive aptitude for analytical assays, can be adapted to numerous detection targets such as
small and large biomolecules, microorganisms, and therapeutic and potent drugs.®'" In the
development of SERS substrates utilizing plasmonic nanostructures for the analyte detection, two
important factors need serious consideration: (1) Generation of a large number of electromagnetic
hot spots. It is reported that a near-field plasmonic coupling between metallic nanostructures with
sharp tips such as nanostars and triangular nanoprisms provides significantly higher SERS
enhancements compared to spherical nanoparticles and nanorods.® "% Furthermore, SERS
enhancement drastically decreases as analyte molecules move too far from the SERS
substrates.? '® (2) Avoid “fouling” which is characterized as competing adsorption of analyte
molecules reaching to the electromagnetic hot spots.’ The most common approach in SERS-
based chemical sensing is to drop-cast the analyte solution onto the SERS substrates. This non-
specific adsorption of analytes onto a SERS-active surface only works for pure analytes.
Successful implementation of SERS to chemical diagnostic and forensic toxicology require
detection of analytes in blood plasma, which contains plasma proteins. The proteins and analyte
compete to reach electromagnetic hot spots via diffusion which results in an increase in
background noise that eventually reduces the sensitivity and specificity of the assay.

To improve the SERS-based analyte detection in real-world toxicological samples, it is
therefore a paramount importance to design and fabricate SERS substrates that resist non-
specific fouling and produce a larger number of highly intense electromagnetic hot spots. Although
various zwitterionic surfaces have been reported to modify the surface of metallic nanostructures
for SERS-based chemical and biological analyte detection, however, they required complicated
surface modification approaches.'® '7-'® Herein, we report a unique but simple SERS substrate
fabrication strategy that meets both of the above-mentioned requirements to achieve high
sensitivity and specificity, while mitigating fouling effects. We used gold triangular nanoprisms (Au
TNPs) as plasmonic nanostructures in the SERS substrate fabrication. We adopted a two-step
fabrication strategy: Firstly, functionalize Au TNPs with poly(ethylene glycol) thiolate (PEG-S-) to
avoid non-specific adsorption of endogenous biomolecules and thus provides excellent non-
fouling effects. Secondly, use transparent adhesive tape as a flexible substrate to immobilize
PEG-S-functionalized Au TNPs to create large number of electromagnetic hot spots. Together,

our fabrication strategy produces “self-assembled” monolayers of PEG-S-functionalized Au TNPs



onto a transparent and flexible adhesive tape support, which we refer to as “plasmonic patch” for
the SERS-based drug analysis.

Many flexible substrates have been developed for SERS-based analyte detection, except
for toxicology drug screening.’ In most cases, the plasmonic nanostructures were either
embedded inside the transparent polydimethylsiloxane (PDMS) film or deposited onto polymer
nanofiber films via electrospinning methods.'®?* However, both methods displayed some serious
drawbacks. For example, analyte molecules do not access the hot spots in the PDMS film,
resulting in low sensitivity. To increase sensitivity and enhance the SERS enhancement factor
(EF), a separate metal (Ag, Au) layer is required. Together, this makes the sensing process more
complicated. In contrast, electrospinning methods assemble nanostructures onto the surface, but
the optically nontransparent nature of polymer fiber films makes the SERS analysis difficult. In
this context, adhesive tapes have been used as supporting substrates to fabricate SERS
sensors.' Commercially available adhesive tapes are cheap, together making the fabrication
process inexpensive. Furthermore, adhesive tapes do not interfere with the SERS effects in the
analyte detection, and the extensive roughness of tapes facilitate random organization of
nanostructures leading to the formation of large and high intensity hot spots.?* Despite the
tremendous promises, adhesive tape-based SERS substrate preparation for toxicological drug
analysis has yet to be demonstrated. Finally, the colloidal nanostructure previously used in flexible
substrate fabrication for SERS-based analyte detection contains surface passivating ligands such
as citrate or cetyltrimethylammonium, which are incapable of avoiding fouling effects.

In the present work, plasmonic patches for SERS-based potent drug analysis show much
improved non-fouling effects when fentanyl is characterized in diluted blood plasma in comparison
to adhesive tape containing self-assembled monolayer of triethylamine-passivated Au TNPs. We
determined the fouling effects by characterizing the signal-to-noise (S/N) ratio of SERS spectra
of the analyte. We believe this is due to highly specific interaction between drug molecules and
poly(ethylene glycol) moiety. Our argument is further supported by time-dependent density
functional theory (TDDFT) calculations. Additionally, we determine a large SERS EF of plasmonic
patches (4.5 x 107) that we believe to arise due to the formation of “accidental hot spots” from the
roughened tape surface. We demonstrate that plasmonic patches can be successfully used for
the detection of other potent drugs such as 4-anilino-N-phenethyl-piperidine, cocaine, heroin, and
JWH-018, and binary mixture analysis (trace amount of fentanyl in heroin). Finally, as a proof-of-
concept, we analyzed 10 emergency department patients’ (drug-of-abuse, DOA) plasma samples

to detect and quantify fentanyl and demonstrate the real-life application of our newly fabricated



SERS substrates in forensic toxicology. The data are in excellent agreement with the

concentration values independently determined by paper-spray mass spectrometry.

Experimental Section

Chemicals. Chloro(triethylphosphine) gold () (EtsPAuCl, 97%), poly(methylhydrosiloxane)
(PMHS, M, = 1700-3300), triethylamine (TEA, 98%), ACS grade acetonitrile (CH3CN, 99.9%), (3-
aminopropyl)-triethoxysilane, (APTES, 94%), polyethylene glycol (PEG, Mn ~2,000),
tetrahydrofuran (THF, 99.9%), sodium hydroxide (NaOH, 97%), 4-toluenesulfonyl chloride (TsCl,
98%), dichloromethane (DCM, 99.5%), and thiourea (99%) were purchased from Sigma-Aldrich.
Ethanol (alcohol 190 proof) was purchased from Decon laboratories. Glass coverslips (Cat. No.
12548C), RBS 35 detergent, and concentrated hydrochloric acid (HCI, ACS grade) were
purchased from Fisher Scientific. A Fisher Scientific Barnstead Nanopure system was utilized to
achieve water purity at 18.2 MQ-cm and the same nanopure water was used for all cleaning
processes. Separate 1.0 mg/mL drug solutions of fentanyl, cocaine, heroin and JWH-018 in
methanol were purchased from Fisher Scientific. A 1.0 mg/mL drug solution of 4-anilino-N-
phenethyl-piperidine (4-ANPP) in methanol was purchased from Cerilliant. All drug molecules
and solutions were obtained and stored through a DEA license maintained by I[UPUI. All DOA and
NC plasma samples were collected based on the Indiana University Institute Review Board
approval (IRB protocol # 1810003849).

Preparation of Plasmonic Patches and Drug Detection. The preparation of our flexible and
adhesive plasmonic patch is described in Figure 1. Au TNPs with ~42 nm edge lengths were
synthesized according to our published procedure (see Supporting Information for additional
details).?? Au TNPs in acetonitrile were immobilized onto an APTES-functionalized glass
substrate through incubation to form a self-assembled layer of TNPs. The Au TNP-bound
coverslips were then incubated in a 1.0 mM PEGeo-SH solution for overnight for the ligand
exchange. Next, 3M adhesive tape was placed on the PEG-S-functionalized Au TNP-containing
glass substrate, pressed gently with the thumb, and removed at a 90° angle. This procedure
resulted in successful transfer of the self-assembled Au TNPs from the glass to the flexible
adhesive substrate, producing the plasmonic patch (Figure 1C). Drug detection and quantification
were performed by directly drop-casting on to the SERS plasmonic patch, followed by slow
evaporation of solvent at room temperature.

Limit of Detection (LOD) and SERS EF Calculations. LOD Calculations: Calibration curves
were developed by plotting average peak intensity vs. logarithm scale of drug concentration in
order to investigate non-specific adsorption at a lower concentration range. The calibration curve
equations were determined through linear regression on Excel. The limit of detection (LOD) was
determined by using a Z value of the blank (Z= mean + 30, o = standard deviation), which was
obtained using two different spots in three independently fabricated sensors (a total of six SERS
measurements) and plugging the Z value into the “Y” in the calibration curve equation and
obtaining the LOD concentration (“X”). SERS EF calculations: We followed a previously
published method to calculate the enhancement factor of our plasmonic patches at the fentanyl
1384 cm™ Raman peak, using Eq. 1.2” Nsgrs Was calculated by using a laser spot diameter of 5
uM and a fentanyl molecule footprint of 0.76 nm?2.2’



Results and Discussion

Fabrication and Characterization of the SERS Plasmonic Patches. Our newly fabricated
plasmonic patches contain a flexible and transparent adhesive tape containing a self-assembled
layer of plasmonic nanostructures, Au TNPs. The fabrication strategy is schematically shown in
Figure 1 and described below: (1) Freshly prepared, TEA-passivated chemically synthesized Au
TNPs are physiosorbed onto APTES-functionalized glass coverslips via solution phase incubation.
A weak intermolecular interaction between TNP-bound TEA and APTES allows physisorption. (2)
The surface of TNPs is functionalized with PEG60-SH via ligand exchange chemistry. A soft acid
(Au)-soft base (S) interaction easily replaces weakly adsorbed amine ligands from the surface of
Au nanostructures.?® (3) 3M adhesive tape is placed onto PEG60-S-functionalized Au TNPs,
gently pressed, and then removed slowly to transfer TNPs from the glass support onto the flexible
adhesive substrate.

We used Au TNPs because of their unique structural and localized surface plasmon
resonance (LSPR) properties. Au TNP contains multiple sharp tips and edges that allow a strong
electromagnetic field enhancement due to the formation of SERS hot spots.?° Strong Au-S bond
is expected to provide long-term stability of the plasmonic patch, specifically in human biofluids.
Atomically flat surface of TNPs should induce homogeneous ligand packing, resulting in the
improvement of non-specific adsorption of biomolecules from human biofluids and thus less
fouling effects.’® The synthesis of Au TNPs is conducted by a colloidal reduction method of
organometallic gold salt by polymethylhydrosiloxane in acetonitrile.?® 932 We used TEA to control
the nucleation and growth processes for the formation of TNPs. Figure 2A illustrates an UV-
visible absorption spectrum of Au TNPs exhibiting a characteristic LSPR dipole peak at ~795 nm
in acetonitrile.?®> 3 TEM analysis shows the presence of 42 + 6 nm edge-length Au TNPs (Figure
2B). Based on our reported works, the Au TNPs displaying LSPR dipole absorption peak ~795
nm in acetonitrile should have ~8 nm in thickness.” TEA-passivated Au TNPs attached onto the
APTES-functionalized glass substrate display the LSPR dipole extinction peak at ~730 nm in air.
Upon PEGG60-S- functionalization and transferring from glass into flexible substrate, the LSPR
dipole peak red shifts to 820 nm (Figure S1). This 90 nm dipole peak red shift of Au TNPs is a
combination of the formation of Au-S bonds, near-field plasmonic coupling, and the change in
their local refractive index (thick PEG60 layer and adhesive polymer of 3M tape). Nevertheless,
this LSPR peak position is higher in wavelength and thus suitable for the use of 786 nm laser for
the SERS analysis to enhance signal intensity.3* As shown in Figure 2C,D, the plasmonic patch
containing TNPs was analyzed by SEM. The image reveals uniform adsorption of TNPs with 2%

surface coverage without the formation of large aggregates. Therefore, the plasmonic patch can



be considered as self-assembled flexible substrates. Furthermore, TNPs are randomly oriented
in their self-assembled organization onto the flexible substrate, which helps in producing
accidental hot spots, overall enhancing the electromagnetic field. Importantly, adhesive tape
containing an Au TNP monolayer shows bluish color and the configuration of a plasmonic patch
can be replicated like a “Band-Aid” that is expected to provide long-term stability during storage

(vide infra).

Analytical Figure of Merits of the Plasmonic Patch for SERS-Based Drug Detection. Herein
we test the hypotheses that (1) plasmonic patches are expected to provide a higher SERS
sensitivity in comparison to PEG60-S-functionalized Au TNPs adsorbed onto glass substrates
and (2) the plasmonic patch will provide an improved non-fouling effect in comparison to TEA-
passivated Au TNPs adsorbed on either glass or flexible adhesive tape in the SERS analysis. To
validate our hypotheses, we compare the above-mentioned four different SERS substrates using
fentanyl as a model analyte. Figure 3A shows concentration dependence SERS spectra of
fentanyl acquired using plasmonic patches. All the characteristic Raman stretches of fentanyl are
detected in the spectrum. We used a distinct H-C-N2 stretch at 1384 cm™ to determine the LOD,
which is found to be 8.9 pM (3.0 picogram/milliliter (pg/mL)) (Figure 3B). We selected H-C-N2 for
our study instead of commonly used C-C-C trigonal benzene Raman stretch of fentanyl ~1000
cm-1 because most potent drugs contain multiple aromatic rings in their structures. Therefore, it
would be difficult to distinguish drugs such as fentanyl and heroin based on characteristic C-C-C
Raman stretches. Instead, H-C-N2 stretch of fentanyl at 1384 cm™ is distinctly unique and not
present in other drugs, thus we expect a much-improved specificity while analyzing drug mixtures,
as discussed later in this article. The LOD is more than 50-fold higher than when PEG60-S-
functionalized Au TNPs adsorbed onto glass substrates was used for SERS-based fentanyl
analysis (LOD ~ 594.4 pM, 200 pg/mL), Figure S2A,B. We further determined the LODs for two
additional SERS substrates, TEA-passivated Au TNPs adsorbed onto a flexible adhesive
substrate (LOD = 297.2 pM, 100 pg/mL) and non-flexible glass substrates (LOD ~ 802.4 pM, 270
pg/mL), see Figure S3A,B. Concentration dependence SERS spectra of these two substrates
are provided in the supporting Information (Figure S4). For the fentanyl detection, the LODs we
determined for different plasmonic substrates are at least 100-fold better than literature reports in
which spherical Ag or Ag nanoparticles were used to prepare the SERS substrates.?” % Clearly,
the presence of sharp edges and corners of TNPs lead to a strong electromagnetic (EM)-field
enhancement in our plasmonic patch that provides the higher sensitivity. In contrast, the EM-field

enhancement in spherical nanoparticles is relatively low.?® To the best of our knowledge, as



mentioned above, only spherical metallic nanoparticles were used for the fabrication of SERS
substrates for fentanyl detection. In this context, we are the first to demonstrate the successful
implementation of anisotropic-shaped nanoparticles for fentanyl analysis using a non-flexible,
three-dimensional self-assembled SERS substrate.®® Nevertheless, we believe that the flexibility
of the adhesive tape brings the TNPs closer to each other, inducing strong near-field interparticle
plasmonic coupling between Au TNPs and thus creating high intensity plasmonic hot spots at the
nanogap.®’

We also characterized different SERS substrates (TEA- and PEG60-S-functionalized Au
TNPs adsorbed onto glass substrates, and TEA-passivated Au TNPs adsorbed onto a flexible
adhesive substrate) by SEM to determine any possible changes in TNP organization during the
solvent evaporation steps while drop casting the analyte solution (Figure S5). Interestingly, we
observe no change in TEA-passivated TNP assembly before and after addition of analyte solution
when they are adsorbed onto the adhesive tape (Figure S5A,B). Since TNPs are embedded
inside the adhesive polymer matrix, their movement during the solvent evaporation is highly
resistive. In contrast, either TEA-passivated or PEGG60-thiolate-functionalized TNPs are
chemisorbed onto amine terminated glass substrates via weak Au-N interactions but with an
excellent two-dimensional arrangement (Figure S5C-D). Addition of solvent could destroy the
two-dimensional self-assembly during the evaporation process. Also, TNPs could migrate onto
the solid surface due to a weak Au-N interaction. This is evident from the appearance of
aggregated arrangement of TNPs onto glass substrates (Figure S5E-F). Importantly, microscopy
analysis of PEG-functionalized Au TNPs adsorbed onto adhesive tape (plasmonic patch) does
not show any noticeable change in self-organized assembly of TNPs after drop-casting of the
analyte solution (Figure S5G). Together, we believe that the enhanced sensitivity and non-fouling
effects of PEG-functionalized Au TNPs onto adhesive tape (plasmonic patch) in the SERS-based
drug detection is solely because of specific molecular interactions.

To further understand the substrate effect on SERS sensitivity, we determined and
compared SERS EF of plasmonic patch and PEG60-S-functionalized Au TNPs adsorbed onto

glass substrates using Eq. 1.

= |Isers | [ Nnr_
SERS EF = [s£8s] | e | (1)
Here, Isers and Ing are SERS and normal Raman intensity of fentanyl, respectively. The Nnr and
Nsers are number of analyte molecules present in normal Raman and SERS analyses,
respectively. Considering fentanyl resides flat onto the surface and TNPs cover nearly 2% of the

total substrate surface, we determined SERS EF based on a literature procedure.?” We obtain



SERS EF to be 4.5 X 10" and 5.2 X 10° for plasmonic patch and PEG60-S-functionalized Au
TNPs adsorbed onto glass substrates, respectively. Figure S6 illustrates a comparison of Raman
signal under different experimental conditions used to determine the SERS EF. The results are in
agreement with the LOD values mentioned above and also validate our first hypothesis that a
higher Raman signal enhancement would be observed when PEG60-S-functionalized TNPs
present onto a flexible substrate (plasmonic patch) than non-flexible solid substrate (glass). The
SERS EF of 4.5 X 107 we calculated for the plasmonic patch is comparable to Ag-based SERS
substrate for fentanyl detection.?” It is known that Ag-based substrates provide better SERS EF
as compared to Au because of the low optical loss and enhanced LSPR properties.® However,
Ag is more prone to oxidation than Au, which makes the latter more desirable in SERS substrate
fabrication. Park et al. reported one order magnitude higher SERS EF when a PDMS-embedded
Au nanostars, as a flexible substrate, were used for the SERS analysis.?' The reported method
requires additional Ag film substrate, as well as an additional Si wafer platform, to achieve such
EF which makes the analysis more complicated. Table S1 compiles SERS EF for different flexible
substrates. Taken together, the simplicity of the fabrication strategy, high SERS EF, and pg/mL
LOD make our plasmonic patch highly desirable for toxicology drug analysis.

We further tested the second hypothesis that the plasmonic patches should display low
fouling effects compared to TEA-passivated Au TNPs adsorbed on either glass or flexible
adhesive tape in the SERS analysis. A common analytical approach to determine the fouling
effect is calculating signal-to-noise (S/N) ratios at the lowest analyte concentration.’® The
plasmonic patch displays a S/N value of 12.5 for fentanyl at 1.0 nM concentration. In contrast,
TEA-passivated Au TNPs adsorbed onto a flexible adhesive substrate shows a S/N value of 4.8
under identical experimental conditions. Figure S7 shows SERS spectra used for S/N
calculations. PEGs are commonly used to functionalize nanostructures in sensing application
because they reduce non-specific adsorption of endogenous biomolecules from biofluids.3%4°
Furthermore, the long glycol polymer should be able to wrap around TNPs, leaving no defect sites
in the ligand layer where unwanted molecules could reach to the nanostructure surface. Under
such conditions, analyte molecules interact with PEG while endogenous biomolecules are
repealed by PEGs. In contrast, TEA is a small molecule and would be unable to provide a
homogeneous ligand packing leaving vacant sites, which allow molecular diffusion through them,
leading to direct adsorption of analytes onto TNP surface. Therefore, we believe that the lack of
control over molecular diffusion in TEA-passivated Au TNPs cause adsorption of both fentanyl
and plasma proteins on their surface, causing a higher fouling effect than PEG60-S-functionalized

TNPs (plasmonic patch), overall producing a lower S/N ratio. One would expect that a shorter



PEG chain thiolate ligand would improve the SERS sensitivity due the presence of the analyte
molecules much closer the surface of a TNP, however, a shorter PEG could increase the fouling
effects. Therefore, it would be interesting to determine the optimum PEG-thiolate chain length for
TNP surface passivation to increase the sensitivity without compromising the non-fouling effect.
This is part of our ongoing investigation.

To examine the interaction of analytes with ligand functionalized TNP surface in the SERS
experiments, we further calculated adsorption constant (K.s) to quantitatively determine the
affinity of such interaction. We used the Langmuir adsorption model to determine Kaq utilizing the
SERS parameters for fentanyl as described below:*142

_ IsmKad[A]
15_1 + KgalA] (2)

Here, Isand Is» are the SERS intensity at the concentration A and at the saturation point of full
monolayer coverage, respectively, and [A] is the concentration of adsorbate (fentanyl). The
plotted data for plasmonic patches provide a Kaq value of 7.8 x 10° + 2.4 L.mol"! with an adjusted
R? of 0.998 (Figure 3C). Interestingly, the Kaq value is 2.1 x 10* + 1.3 L.mol"' for TEA-passivated
Au TNPs adsorbed onto a flexible adhesive tape (Figure S8). The result is significant and
suggests that there is relatively a strong interaction between PEG and fentanyl in comparison to
fentanyl and TEA. Therefore, a stronger affinity of fentanyl towards plasmonic patches leads to
the greater SERS signal enhancement, and thus the lower is the LOD and fouling effects.*'
Together, a relatively higher K.s value for plasmonic patch is in agreement with our two
hypotheses. The stability/shelf life of the plasmonic patch was also investigated by storing them
under normal laboratory condition but covered with a protective layer to prevent prolonged light
exposure. As shown in Figure S9, <3% relative standard deviation (RSD) is observed when
fentanyl SERS spectra were collected every third day up to a month time.

We further demonstrate that TDDFT calculations can be successfully implemented to
support the unique interaction between the plasmonic patch and fentanyl discussed above. We
performed TDDFT calculations of fentanyl in which its N atoms are forming hydrogen bonding
with glycol units in agueous medium. Figure 3D illustrates a comparison of experimental SERS
spectrum (red curve) and TDDFT-calculated Raman spectrum (blue curve) of fentanyl. Clearly,
H-C-N2 stretch at 1384 cm™' and the aromatic C=C stretch at 1085 cm of fentanyl perfectly match
in experimental and theoretical spectra. Furthermore, the ratio of C=C to H-C-N2 stretch is almost
same for experimental and theoretical data. In contrast, this ratio is different for TDDFT calculated

fentanyl Raman spectrum (black curve) alone without any bonding interaction with the PEG in the



plasmonic patch. Various vibrational modes of fentanyl for both experimental and TDDFT-
calculated Raman spectra are provided in the Supporting Information (Table S2). Taken together,
the above-mentioned experimental and theoretical results unequivocally prove that the plasmonic

patch is the most suitable and efficient SERS substrate for drug detection in human plasma.

Sensing Capabilities of the Plasmonic Patch for SERS-based Various Potent Drugs
Analysis. An excellent SERS substrate should have the capability to detect any drug family such
as coco alkaloids (cocaine), cannabinoids (JWH-018), and opioids (fentanyl, despropionyl
fentanyl (4-ANPP), and heroin). Although, literature reports various SERS substrates for the
detection of one or two types of drugs in human biofluids (saliva or urine) with high LODs
(>ng/mL),% 27 41.43-45 tg the best of our knowledge, currently no SERS substrate exists that could
be used to detect such a diverse range of potent drugs in human plasma at pg/mL concentrations.
The generality of the plasmonic patch for SERS-based drug detection is further demonstrated for
the above-mentioned drugs. 1.0 nM concentration drug solution was prepared in diluted human
plasma and a total 6.0 uL was drop-casted onto the plasmonic patch. Figure 4 shows
experimentally acquired SERS spectrum of cocaine, JWH-018, 4-ANPP, and heroin and the
comparison with TDDFT-calculated Raman spectra of these drugs. Cocaine displays
characteristic aromatic stretch at 1253 and 1600 cm™', and C=0 stretch at 1720 cm™.%5 All these
vibrational modes are perfectly aligned with the theoretical calculations. Naphthalene C=C
stretches of JWH-018 appear between 1300-1400 cm™ along with C=0 stretch at 1628 cm™.
Another prominent peak of JWH-018 shows up at 775 cm™ for indole ring stretch.*' 4-ANPP shows
all the characteristic aromatic peaks as similar to fentanyl. More specifically, a distinct N-H stretch
is observed at 1035 cm™ that is not present in fentanyl. The SERS spectrum of heroin is much
more complicated than the other drugs. Importantly, we are able to determine C=0 stretch at
1733 cm™ and the entire O-C(=0)-C Raman stretch at 1233 cm™'. SERS-based heroin detection
has been reported in the literature?” 46 but a comprehensive list of the Raman stretch for different
vibrational modes is still missing. Our thorough TDDFT calculations of heroin show a good match
with the experimental spectra, and we are now able to assign most of the experimental Raman
vibration modes (Table S6). Therefore, our calculated spectra could be the bedrock to the
experimental scientists who are working on forensic science for illicit drug detection (seized drugs
and forensic toxicology). A complete list of experimental and theoretical Raman stretch of the

above-mentioned drugs is provided in the Supporting Information (Table S3-S6).
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Specificity Test by Binary Mixture Analysis. Fentanyl is commonly used as an adulterant in
heroin, and few milligrams of fentanyl may cause an overdose due to its high potency. Therefore,
precise quantification of trace quantity fentanyl in binary mixtures is a paramount importance to
avoid drug related death and battle with opioid pandemic. Here we show that the plasmonic
patches are capable of identifying fentanyl in binary mixture of heroin. Utilizing the SERS intensity
ratio between isolated signature peaks for each drug (1384 cm representing the H-C-N2 stretch
for fentanyl and 1733 cm representing the C=0 vibration for heroin) we are able to identify 0.15
wt% fentanyl in heroin. As shown in Figure S10A, a wide range of weight percentages of fentanyl
in heroin (0.15% to 50%) were analyzed utilizing SERS. As shown in Figure 5A, heroin-to-fentanyl
peak ratio is plotted, and the calibration curve is fitted to a Langmuir isotherm equation following
the procedure reported by Haddad et al.?” The calibration curve shows a linear increase in peak
intensity ratio when the percentage of fentanyl in heroin increases (R?=0.958), with a gradual
plateau around 5% fentanyl in heroin. Importantly, the lethal concentrations of fentanyl found in
binary mixtures are represented in the linear portion of the curve (mg of fentanyl in heroin), proving
that the plasmonic patches are capable of detecting trace levels of fentanyl in binary mixtures.
More importantly, this is the first example in which below 1 wt% fentanyl in heroin (as low as 0.15
wt%) can be detected utilizing SERS than previous reported work by Haddad et al.?” In addition,
we have also analyzed the SERS spectra obtained for each weight percentage through linear
discriminant analysis. Principle component analysis (PCA) was used to generate a Scree Plot,
which indicates that the first nine PCs are significant. These PCs represented 93.1% of the total
variance in the data set. Replicates cluster well and subsequent discriminant analysis (DA) using
the factor scores from the first nine PCs finds that the different concentrations could be
discriminated with 90.9% accuracy (Figure 5B). Lastly, principle component regression (PCR)
generated a model with an R? of 0.96 and a root mean square error of 7.2. A plot of the actual

versus predicted concentration values is shown in Figure S10B.

Application of the Plasmonic Patch in Forensic Toxicology. Since 1999, an average of
50,000 people die each year from opioid overdose.*” Emergency department (ED) is the first line
of defense to present death by performing initial diagnosis for drug-of-abuse (DOA).*® Opioids
undergo fast decomposition in the metabolic system and their half-life is few minutes to hours.
Therefore, the concentration of undecomposed drugs in human biofluids is expected to be
exceedingly low. This is a serious problem for the ED because currently used standard mass
spectrometry and ELISA techniques for clinical diagnosis of drugs show low sensitivity. Therefore,

there is an unmet need for an ultrasensitive technique to identify drugs in the ED setting in order
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to find appropriate treatment and prevent death. We analyzed 10 patients’ plasma samples, which
were suspected to contain fentanyl, using the plasmonic patch for SERS-based detection. All the
samples show characteristic fentanyl Raman stretch at 1384 cm™ (Figure 6A). Fentanyl
concentration varies between 0.5-12 ng/mL. To further support SERS-based results, we
performed PSI-MS analysis of these patient samples. We demonstrated the unique analytical
capability of PSI-MS for toxicological drug screen in plasma of DOA patients without performing
an extensive sample preparation.*** As shown in Figure 6B, independently determined
concentrations of 10 plasma samples are in excellent agreement between the two techniques.
MS-MS spectra of 10 DOA samples showing fentanyl m/z value are provided in the supporting
Information (Figure S11 and S12A-J). Table S7 provides concentration values determined by
SERS and PSI-MS techniques for 10 DOA patient samples. Very recently, Driskell and coworkers
reported combined SERS and PSI-MS techniques to analyze seized drugs, however, the method
has not been applied to toxicological sample analysis.®® As stated earlier, complexity of human
biofluids increases fouling effects, and simple paper-based SERS substrate preparation is mostly
unlikely to provide high sensitive data. Nevertheless, we present the first example where
spectroscopy and spectrometry techniques are used for toxicology drug analysis in real-world
samples. We also conducted specificity tests of 10 patient plasma samples (DOA, n =10) with
healthy individuals (normal control, NC, n=10) with a p-value of 0.0002 (Figure 6C). As illustrated
in Figure 6D, receiving operating characteristic (ROC) analysis shows that the plasmonic patch-
based SERS analysis of fentanyl is highly accurate to differentiate between DOA and NC with an
area under the curve (AUC) is 0.97.

Conclusions

By fabricating a flexible and transparent plasmonic patch, we have demonstrated the highly
sensitive, as low as 3.0 pg/mL, detection of potent drugs in human plasma by SERS technique.
Moreover, the plasmonic patch mitigates fouling effects commonly caused by human biofluids.
Plasmonic patch reported here shows higher SERS EF value (4.5 X 107) compared to the SERS
substrate containing PEG60-thilate functionalized Au TNPs adsorbed onto non-flexible glass.
Moreover, we have conducted drug adsorption behavior either on PEG60-S- or TEA-passivated
Au TNPs adsorbed onto flexible SERS substrates that follows a Langmuir adsorption model, and
the drug molecules shows a higher affinity towards PEG surface than TEA. We have successfully
detected a range of potent drugs such as cocaine, JWH-018, fentanyl, despropionyl fentanyl, and
heroin at 1.0 nM concentrations using the plasmonic patch. The experimental spectra are in good
agreement with the TDDFT-calculated spectra and the results suggest molecular level

interactions between PEG and drug molecules. Most importantly, through chemometric analysis,
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we have shown excellent selectivity when mixtures of fentanyl in heroin were analyzed using the
SERS technique. Using the SERS-based plasmonic patch, we have successfully characterized
fentanyl in DOA patients’ plasma and the concentration values are in excellent agreement with
paper spray ionization-mass spectrometry results determined independently. Finally, ROC
analysis presents excellent specificity of identifying fentanyl in DOA comparison to NC samples.
Taken together, we believe that the excellent sensitivity and specificity of the plasmonic patch in
SERS-based drug detection should be highly advantageous to clinical toxicology because low
concentration of undecomposed drugs can be identified. We expect that the developed SERS
substrate can also be used in therapeutic drug monitoring and post-mortem toxicology that

together will dramatically simplify the “war against drugs.”

Supporting Information. Additional experimental details, DFT calculations, SEM images, UV-
vis extinction and SERS spectra, adsorption isotherm, bar graphs for stability study, chemometric
plot, calibration plots for PSI-MS analysis, mass spectra for different patients’ samples, and
Raman stretch tables of different drugs determined experimentally, and theoretically via DFT-

calculations.
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Figure 1. Schematic represent of the fabrication process for our SERS plasmonic patch as follows:
Chemically synthesized Au TNPs in acetonitrile are immobilized onto an APTES-functionalized glass
substrate through incubation to form a self-assembled layer of TNPs (A), which avoids unwanted
aggregation of Au TNPs and results in reproducible nanosensors fabrication. Au TNPs are then
functionalized with polyethylene glycol-thiolate (B) to enhance specificity. 3M adhesive tape is placed on
the Au TNP-containing glass substrate, pressed gently with the thumb, and removed at a 90° angle (C)
which results in successful lift-off of the Au TNPs from the glass to the tape, producing the plasmonic patch
(D). A 6.0 microliter human biofluids can be drop-casted directly onto the nanosensor (D) which results in
physisorption of drugs onto TNPs (E). SERS spectra then collected using a Raman spectrometer with 785
nm laser excitation. (F) The bluish gray area in the photograph is the plasmonic patch and the overall
construct resembles with Band-Aid.
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Figure 2. Spectroscopy and microscopy characterizations of Au TNPs and the plasmonic patch. (A) A
representative UV-vis absorption spectrum of freshly synthesized TEA-passivated Au TNPs, which display
an LSPR dipole peak (ALspr) at 795 nm in acetonitrile. (B) A representative TEM micrograph of Au TNPs.
(C) A low magnification SEM image of a plasmonic patch showing self-assembled, PEG-thiolate-
functionalized Au TNPs onto 3M adhesive tape. Scale bar is 500 nm. (D) A high magnification SEM image
of a plasmonic patch. No structural deformation of Au TNPs is observed even after adsorption onto the
adhesive tape. Scale bar is 50 nm.
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Figure 3. SERS performances of the plasmonic patches. (A) Concentration dependence SERS spectra of
fentanyl collected using the plasmonic patch. (red = 1 mM, blue = 100 pM, green = 10 pM, orange = 1
pM, purple = 100 nM, pink= 10 nM, black =1 nM ). (B) The relationship between fentanyl H-C-N2 stretch
as a function of log concentration. Log concentration was used to determine the background signal at the
lower concentration range. Each concentration represents two different spots in three independently
fabricated sensors (a total of six measurements). (C) Adsorption isotherm of fentanyl on plasmonic patch.
The dotted red line is the fit to the Langmuir isotherm model. (D) A comparison of experimentally acquired
SERS spectrum of fentanyl (red curve), and theoretically calculated Raman spectra of glycol bound fentanyl
(blue curve) and pure fentanyl (black curve).
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Figure 4. A comparison of experimentally acquired SERS spectrum (red curves) and theoretically
calculated Raman spectra of glycol bound fentanyl (black curve) of (A) cocaine, (B) JWH-018, (C) 4-ANPP,
and (D) heroin. The concentration of each drug is 1.0 nM.
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Figure 5. (A) Calibration curve using the peak intensity ratios of fentanyl (H-C-N2 Raman stretch at 1384
cm-1) to heroin (-C=0 Raman stretch at 1733 cm-") from 0.15-50%. Red dashed line represents calibration
curve fitting using the Langmuir isotherm with R2 = 0.959. (B) Scatter plot of the observations and class
centroids plotted using the first two canonical variates as determined by discriminant analysis. The overall
classification accuracy was 91%.
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Figure 6. (A) SERS spectra of six microliter-patient plasma diluted to 10% (v/v) with RNase free water and
then drop-casted onto the plasmonic patch for the analysis. (B) The bar graph representing the
concentration value of fentanyl in 10 patient samples where black and blue bars are respective
concentrations determined by PSI-MS and SERS techniques. (C) Students t-test results of normal control
verses drug-of-abuse (DOA) patient samples for fentanyl. (D) Receiver operating characteristic curve of
normal control verses DOA patient samples. ***P< 0.0002 by t-test.
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