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PMHS: Polymethylhydrosiloxane
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APTES: Aminopropyltriethoxy silane

PHTMS: Phenyltriethoxysilane

OCTMS: Octyltrimethoxysilane
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> PROJECT SUMMARY

1. Goals of the Project: The overarching goal of this project is to fabricate entirely new,
ultrasensitive, and flexible surface-enhanced Raman scattering (SERS)-based nanosensors that
can be used for toxicological drug analysis directly from biological fluids.

2. Objectives of the Project. Currently, there is no way to assay (detection and quantification)
<10 ppb (10 ng/mL) drugs in human biofluids without extensive sample processing either at
bedside or roadside. The simple, fast and efficient assay of drugs and the identification of exposed
individuals will greatly benefit law enforcement agencies and various toxicologists. Ultrasensitive,
reliable, and rapid analyses will assist immediate forensic toxicology applications by law
enforcement and promote aggressive efforts to eradicate drugs from communities. The objectives
of this projects are:

Objective 1: Construct unigue SERS nanosensors for ultrasensitive toxicology analysis
(detection, identification, and quantification) of drugs in biofluids (e.g., plasma, whole blood,
saliva, urine, and sweat).

Objective 2: Avoid fouling and matrix effects while identifying drugs at low (e.g., pg/mL)
concentrations in blood plasma and apply chemometric analysis to discriminate drugs with highly
similar SERS spectra and to resolve the SERS spectra with known metabolites and in biological
matrices.

3. Research Questions: Toxicological analysis of unknown drugs is extremely challenging using
the current analytical techniques such as LC/MS, GC/MS, and ELISA due to low sensitivity,
interference of the biological matrix, and/or the lack of available antibodies.’” The half-life of
opiates is a few minutes to hours as these drugs decompose very fast in the metabolic system.
Therefore, the concentration of intact drug is expected to be exceedingly low, and thus many
analytical methods, as mentioned above, rely on identifying metabolites instead of the actual drug.
In this context, many metabolites have similar m/z values and chance of a false response is very
high. These current shortcomings have resulted in an unmet need for the development of a widely
applicable, label-free, highly selective and quantitative analytical technique capable of assaying
(detection and quantification) exceedingly low quantities of highly potent drugs in human biofluids.

The development of an instrumental method/sensor for forensic toxicology applications
must address several key prerequisites of instrument/sensor ability as recommended by the
Scientific Working Group for Forensic Toxicology (SWGTOX)? : Sensitivity (quantification): Is the
instrument responsive to low analyte concentration? It is commonly defined as the slope of the
calibration curve for an analyte. Selectivity (detection): Is there an ability to respond to an analyte
despite the presence of interferents (e.g., biological matrix)? Specificity (identification): Is there
an ability to unambiguously identify the analyte? Reproducibility (reliability): Is there an ability to
repeatedly analyze samples (identify analytes) with high selectivity and specificity?

In forensic toxicology, these factors are interrelated as many evidence types contain trace
levels of drugs (e.g., drugs in biofluids). Ultra-low levels (~pg/mL) of detection are also crucial for
forensic applications where the concentration of drugs is exceedingly low due to rapid metabolic
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decomposition. Further, an analytical technique with high selectivity is extremely important as
most toxicological samples contain biological matrix that can compromise the accuracy of the
measurement and may lead to false negative results. Specificity is required for forensic methods
that are offered as probative evidence. Importantly, reproducibility of the analysis, including
sensor stability, is a key factor because this demonstrates the reliability of a technique. The
proposed method will satisfy all of the SWGTOX validation criteria to fill the gap of in-the-field
rapid sample analysis for court-admissible data for criminal justice purposes.

A critical question is how do the chemistry, forensic, healthcare, and law enforcement
communities overcome the drawbacks of existing analytical methods in order to achieve highly
reliable quantitative toxicological sample analysis in the field non-invasively that will yield court
admissible data? As illustrated in Figure 1, this project has undertaken the tasks to address the
following questions.

Can we improve the

selectivity?
A
ngt d‘;_we ac““?;{e_tSER;S SERS in Forensic How will we avoid fouling
etection sensitvity a . ﬁ effects?
pg-fg/mL? Toxicology
v

How do we overcome
biological matrix effects?

Figure 1. The overall summary of the project for the construction of ultrasensitive and highly
selective SERS-based nanosensors, which can function in human biofluids.

4. Summary of Project Design and Methods: The novelty of this proposal stems from the choice
of gold triangular nanoprisms (Au TNPs) as the SERS substrate for the fabrication of self-
assembled nanosensors, along with appropriately selected surface ligand chemistry. Au TNPs
and their surface chemistry provide the following unique advantages:
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polarization direction is vertical. The plot is in logarithmic scale, where white is the lowest and
magenta is the highest (B) UV-vis spectrum of Au TNPs on 3M adhesive tape. Au TNPs display
their strongest LSPR peak at 800 nm. The peak at 570 nm represents an LSPR peak associated
with the thickness of Au TNP. The red line represents the laser excitation wavelength (785 nm).
(C) AFM image of the Au TNPs used for our nanosensor fabrication.
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(1) As illustrated in Figure 2, discrete-dipole approximation simulations (DDA) of our chemically
synthesized Au TNPs with average edge-length of ~42 nm and ~8 nm in thickness show strong
electromagnetic (EM)-field enhancement at the sharp tips and edges. Recent publications '
from the Sardar group demonstrate that Au TNPs form an attractive and ultrasensitive SERS
substrate for nanotechnology-based sensing. The efficiency of SERS is characterized by the
enhancement factor (EF) for a given SERS substrate. EF is defined by Raman signal amplification
over normal conditions (i.e., without using metallic NPs). Thus, the higher the SERS EF, the higher
the sensitivity. SERS EFs of ~10-10° can be achieved with standard NPs, with some values in the
range of ~10°-10°.

(2) The localized surface plasmon resonance
(LSPR) peak position of metal NPs and the
wavelength of the incident light source (i.e., the
laser) control the hot spot intensity. An ideal NP for
SERS application would be one whose LSPR peak
is longer than but very close to the wavelength of |
the laser source. For many forensic applications,
laser excitation with low energy photons (e.g., 785
nm) avoids sample decomposition. The LSPR peak
of our Au TNPs appears at ~800 nm (Figure 2)
making them ideal SERS substrates as compared |
to Ag NPs, which display an LSPR peak <600 nm
and have been previously used for forensic SERS
applications "%

500 nm

Figure 3. A representative transmission electron
microscopy (TEM) image of Au TNPs. Adapted from Sardar et al. Analyst 2020.

(3) An atomic force microscopy (AFM) (Figure 2) and the transmission electron microscopy
images (Figure 3) of Au TNPs show an atomically flat surface with triangular shape. Thus, their
geometry is appeared to be prismatic in the nanometer dimension, so we refer them as
“triangular nanoprisms”. Therefore, analytes can adsorb with a much more uniform density as
compared to spherical-shaped metal NPs. The Au TNP surface also provides additional
advantages in terms of transferring drugs from solid surfaces such as human skin.

(4) The stability of the SERS substrate is critical. Au is very stable under ambient conditions and
in solution, photo-bleaching under laser excitation in SERS analysis is negligible compared to Ag
which decomposes much faster under similar conditions. Therefore, our Au TNP-based
nanosensor not only provides reproducible data but is also ideal for SERS measurements in
various human biofluids. Another important criterion for fabrication of SERS nanosensors is that
the NPs should be supported by a microscopically flat surface (e.g., a glass slide and a silicon
substrate). We also selected adhesive tape because its “stickiness” creates a stronger hold on
the Au TNPs and analyte molecules can be extracted from the solid surface more efficiently.
Further, the flexibility of the adhesive tape should allow our nanosensor to closely touch a complex
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surface without destroying it, as demonstrated for SERS-based pesticides detection on fruits '’.
Finally, adhesive tape is stable when exposed to many biofluids (e.g., plasma, whole blood, urine,
sweat, and saliva), the same media that most toxicological analysis is conducted. Therefore, a
drug sample can be directly drop-casted onto our SERS nanosensor for analysis without any
extraction and purification. Most importantly, the non-toxic nature of adhesive tape is expected to
enhance our nanosensor stability, which is the number-one problem with existing SERS sensors.
Therefore, we expect unprecedented reproducibility in measurements with bench-top and
handheld Raman instruments. Also, as discussed below we will conduct in-depth investigation on
temperature dependent stability and reproducibility of the SERS nanosensors.

(5) The forensic toxicology laboratories nationwide have accepted the matrix effects as an
essential part in the validation of any LC-MS (/MS)-based methods. Also, it has been suggested
for the LC-MS (/MS) method that the matrix effects can be reduced either by diluting samples or
injecting a small amount of samples''®. However, this process is only applicable when the
sensitivity of the assay is very high, in which the LC-MS (/MS) technique would be clearly lacking
for use in such an approach because of its low sensitivity. To address the four questions that are
listed in Figure 1, we investigated two separate but interconnected chemical approaches for the
fabrication of ultrasensitive, SERS-based nanosensors, which can analyze potent drugs in diluted
human plasma samples. We detected drugs in diluted plasma to reduce the matrix effect.

(6) In the development of SERS nanosensors utilizing plasmonic nanoparticles for the analyte
detection, two important factors need serious consideration: (1) Generation of a large number of
EM hot spots. It is reported that a near-field plasmonic coupling between metallic nanoparticles
with sharp tips such as nanostars and TNPs 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 nanosensors. 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 requires 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.

The entire project has been studied in two parts: (1) Investigating how to optimize the EM hot-
spots in the Au TNP assembly for an ultrasensitive drug detection using nanoplasmonic
superlattice SERS substrates; and (2) Performing chemical modification of SERS substrates
(“plasmonic patches”) to avoid fouling effects for potent drug analysis in human blood plasma.
Therefore, the first component is described in Section 4.1 and 5.1, and the second component
is outlined in Section 4.2 and 5.2. Both the parts will be using the identical Au TNP synthesis as
described in Section 4.1. Thus, it will not be repeated in Section 4.2.
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4.1. Experimental Methods.

Synthesis of gold triangular nanoprisms (Au TNPs). Au TNPs were synthesized according to
our published methods.?®?° Briefly, EtsPAu(l)CI (0.010 g) was dissolved in 20 mL of Nz-purged
CH3CN and stirred for 5 min at room temperature followed by the addition of 0.019 mL of TEA.
The temperature of the reaction mixture was then gradually increased to 40 °C. At this desirable
temperature, 0.3 mL of PMHS was added. The reaction was allowed to proceed at this
temperature and during this time the solution changed from colorless to pink, blue, and then deep
purple. The formation of Au TNPs and their corresponding edge-lengths were characterized by
UV-Vis absorption spectroscopy by monitoring the dipole peak position (A.spr) of Au TNPs. Once
the ALspr Of Au TNPs in CH3CN reached 800 nm (Figure 2B), the reaction mixture was removed
from heat, centrifuged at 5000 rpm for 5 min, and the solution was used for the preparation of
nanoplasmonic superlattice substrates. Previously, we determined that the average edge length
of Au TNPs, which display an Aspr at ~800 nm in CH3CN, is 42 nm. %3

Figure 4. (Bottom) The SERS spectrum of
I 2000 TEA-passivated Au TNPs. The Raman stretch

[

[
2 X B at 1035 cm™ is assigned to the C-N stretch of
2 e ,WL\.,y'wh,#,\,‘,,}, | TEA used for the synthesis of the Au TNPs.
2 & e L LY Eg:o- (Top) The SERS spectrum collected after 24 h
= NN [dnian BN (o) ligand exchange with 1.0 mM of PEG60-SH.
g i The complete disappearance of C-N stretch
£ el (1035 cm™”, blue dotted box) confirms the
& i, successful replacement of TEA, and the
: ' formation of PEG60-S-functionalized Au TNPs.
—— — The inset shows an expanded version of the top
400 600 800 1000 1200 1400 1600 1800 2000 spectrum showing peaks at 645, 944, 1083,
Raman Shift (cm'1) 1100 and 1177, and 1334 cm™ for aliphatic C-S

stretch, C-H bending, COC symmetric stretch,
and CH; stretch, respectively.®’ The scale bar is for the overall spectra and not for the inset.
Adapted from Sardar et al. Analyst 2020.

Preparation of nanoplasmonic superlattice substrates. Nanoplasmonic superlattice
substrates for the SERS-based drug analysis were prepared as follows: (1) Synthesized Au TNPs
were attached onto aminopropyltriethoxy silane (APTES)-functionalized glass coverslips by
incubating for 1 h. The Au TNP-bound coverslips were washed thoroughly with acetonitrile to
remove loosely adsorbed organic compounds (e.g., PMHS and TEA) and dried under N> flow that
display ALspr extinction peak at 775 nm in air. (2) Coverslips containing Au TNPs were incubated
in a 1.0 mM polyethylene glycol thiol (PEG60-SH) solution for overnight. This resulted in complete
ligand exchange, as confirmed by SERS measurements (Figure 4). The PEG60-S-functionalized
Au TNPs were placed in a glass container containing 2 mL ethanol and were sonicated for 5 min
in an ice-cold water bath. During the sonication, the PEG60-S-functionalized Au TNPs were lifted
off the solid support into solution due to weak Au-NH: interactions. (3) The ethanolic solution
containing PEG60-S-functionalized Au TNPs was centrifuged for 1 min at 13,000 rpm and
resulted in a blue solid, which was collected, re-dissolved in 1 mL ethanol and centrifuged again.
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The process was carried out at least 5 times to remove excess/loosely bound PEG60-SH. After
the final wash, PEG60-S-functionalized Au TNPs were dissolved in 100 uL of nanopure water and
sonicated for 5 min to prepare a homogeneous solution. (4) 25 pL of the blue solution containing
PEG60-S-functionalized Au TNPs was drop-casted onto an APTES-/PHTMS-/OCTMS-modified
silicon wafer and the solvent was allowed to evaporate under room temperature and 60 = 5%
humidity.

Time-dependent density functional theory (TDDFT) calculations. TDDFT calculations were
performed to determine Raman vibrational frequencies of various drug molecules. Calculations
involved geometry optimization and calculations using Gaussian16 with the B3LYP hybrid
exchange correlation functional and 6-311+G** basis set®? for free drug molecules and drug
molecules attached to the glycol moiety. Calculations were also performed for drug molecules
attaching to a gold (Au) atom using the BP86 exchange-correlation functional and the LanL2DZ
effective core potential basis set.>* Gaussview 6.0.16 was used to visualize the optimized
geometry and assign the vibrational modes.>*

Analytical measurements. SERS measurements were conducted using a Foster-FORAM 785
HP Raman system with a 785 nm diode laser excitation source with 20 mW of power and 5-uym
spot size. Automatic baseline correction was performed using OMNIC software before acquired
spectra were plotted. A Varian Cary 50 Scan UV-visible spectrophotometer was used to collect
absorption and extinction spectra in the range of 300-1100 nm. For the absorption spectra of Au
TNP solutions, 0.3 mL of reaction mixture was diluted to a final volume of 2.0 mL with acetonitrile
in a 1 cm quartz cuvette. Acetonitrile was used as a background in each run before collecting
absorbance spectra. Extinction spectra of PEG60-S-functionalized Au TNPs as a nanoplasmonic
superlattice substrate were collected using a Perkin Elmer Lambda 19 UV-Vis-NIR spectrometer.
APTES-/PHTMS-/OCTMS-functionalized glass coverslips were used as a background.
Nanoplasmonic superlattice substrates were imaged using a JEOL 7800F SEM instrument. TEM
analysis was conducted using a Tecnai-12 instrument at 100 kV operating voltage. Colloidal
acetonitrile solution of Au TNPs was drop-casted onto a Cu-carbon grid and the solvent was
allowed to dry at room temperature before imaging. We used Ramé-Hart Contact Angle
Goniometer to measure the contact angles.

4.2. Experimental Methods
For this part of the project, we used an identical Au TNP synthesis, PEG60-thiol surface
modification, and same analytical characterizations as described above, thus not repeating the
same information again. Several other new information pertinent to the work are listed below.
Binary mixture analysis. For binary mixture analysis, different weight percentages of fentanyl
in heroin ranging from 0-100% were made (mass/mass percent composition). A total of 6 uL (2
x 3 uL) was dropcasted on the plasmonic patch and analyzed using SERS. The ratios of peak
intensity for fentanyl in heroin were calculated using Eq 1:

— (Ia—1p) (1)

(Ia+ip)

Where | is the peak intensity after baseline correction and R is the resulting ratio. Here, A
represents the first drug molecule (fentanyl) and B represents the second drug molecule (heroin).
All SERS spectra were plotted, and each peak intensity was determined using Origin software.
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Peak intensity was determined by taking the average of three measurements. The calibration
curve was obtained by plotting calculated peak intensity ratio vs percentage of fentanyl in heroin.
Fitting was performed in Origin using a Langmuir isotherm with Eq 2:

__ gqbx
T (1+bx) (2)

Where, 6 is the calculated peak intensity ratio, x is the percent fentanyl in heroin, and gb is the
initial slope of the curve where q is the maximum ratio threshold and b is considered to be the
affinity coefficient of fentanyl to the surface.

Statistical analysis. Unpaired t-test and area under the curve (AUC) of the receiver operating
characteristic (ROC) graphs were plotted using GraphPad Prism. Unpaired t-test used the
following p value style: 0.1234 (ns), 0.0332 (*), 0.0021 (**), 0.0002 (***), <0.0001 (****), and was
performed at the 95% confidence interval. AUC of ROC was also performed at the 95%
confidence interval.

Chemometric analysis. All multivariate statistical calculations were performed using XLSTAT
(Version 2020.4.1, Addinsoft, New York). SERS spectra ranging from 0 — 100% fentanyl were
normalized to unit vector length by dividing each value by the square root of the sum of squares
of all values in the spectrum. Principal Component Analysis (PCA), Discriminant Analysis (DA),
and Principal Component Regression (PCR) were then performed.

SERS-based drug analysis using different substrates. To develop fentanyl calibration curves,
various concentrations ranging from 1.0 mM to 1.0 nM of fentanyl were prepared in 10% human
plasma in RNA-free water. A total of 6 uL (2 uL X 3) of the fentanyl solutions were drop-casted
onto SERS based plasmonic patches and allowed to dry overnight. For other drug analysis
(cocaine, JWH-018, 4-ANPP, and heroin), 1.0 mM and 1.0 nM were prepared in 10% human
plasma in RNA'’s free water and the resulting solution was drop-casted onto plasmonic patches
similarly to the process described for fentanyl analysis. SERS spectra for each drug/
concentration were collected and the average SERS intensity value was determined from a
minimum of six measurements. Identical dilution factor and protocol were followed for patient
sample analysis using plasmonic patch as SERS substrates.

Preparation of plasmonic patches and drug detection. 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 PEGes-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.
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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 a literature procedure.®® Nsers was calculated by using a laser

spot diameter of 5 yM and a fentanyl molecule footprint of 0.76 nm?.%®

(Substrate-1) e ‘)‘
\i (Substrate-2)

Figure 5. Schematic illustration of the droplet evaporation-based preparation of the
nanoplasmonic superlattice substrate for the SERS-based drug analysis. The solid support
dependent contact angle images of an aqueous solution of PEG60-S-functionalized Au TNPs
are also shown. Adapted from Sardar et al. Analyst 2020.

(Substrate-3)

5. Summary of Results:

5.1. Superlattice SERS Substrates for Ultrasensitive Drug Assay in Human Plasma. The
work presented herein is based on the hypothesis that the hydrophilic, PEG60-S-coated, colloidal
Au TNPs spontaneously self-assembled onto hydrophobic surfaces through droplet evaporation
method to form 3D nanoplasmonic superlattices of strongly coupled TNPS producing a larger
number of electromagnetic “hot spots” that contribute to outstanding SERS enhancement,
allowing for the detection of potent drugs in ppg concentrations.**3” Figure 5 illustrates the
preparation of nanoplasmonic superlattices onto different silane-functionalized silicon supports.
We selected Au TNPs to prepare the 3D superlattice SERS substrate because of the following
optoelectronic and structural properties: (1) Sharp tips and edges produce strong electromagnetic
field (EM) enhancement that, in turn, produces large SERS enhancement factors.?' (2) PEG60-
S-coated Au TNPs display an Aspr extinction peak at 835 nm in air, which is higher in wavelength
than the 785 nm diode laser excitation source used. Therefore, we expect a maximum SERS
enhancement factor due to the higher energy incident laser excitation photons in comparison to
the ALser Of Au TNPs.2"* Moreover, a 785 nm laser source should avoid drug decomposition,
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particularly in real world samples. (3) High stability of the Au-S bond due to soft-soft covalent
interaction®® is expected to produce stable PEG60-S-functionalized Au TNPs for the preparation
of highly reproducible SERS substrates. (4) Flat surfaces of Au TNPs**“® should promote
homogeneous PEG60-SH functionalization that would enable an excellent self-assembly process
to form the desired 3D nanoplasmonic superlattice. Furthermore, PEGs reduce non-specific
adsorption of endogenous biomolecules that are commonly present in human plasma.*’
Therefore, PEG60-S-functionalized Au TNPs should enhance selectivity in drug analysis. Finally,
N-containing drugs (e.g., cocaine, fentanyl, and JWH-018) are expected to form hydrogen
bonding with PEGs in an aqueous
medium; this would allow ultrasensitive
drug analysis in human biofluids.

Figure 6. A UV-vis extinction spectrum
of TEA-passivated Au TNPs attached
onto an APTES-modified glass
support. The LSPR dipole peak is at
775 nm (black). Ligand exchange with
1.0 mM PEG60-SH produces a red
shift in the LSPR dipole peak and
appears at 835 nm. All extinction

spectra were collected in air. Adapted T T T T T
from Sardar et al. Analyst 2020. 400 500 600 700 800 900 1000

Wavelength (nm)

Extinction (a.u)

5.1.1. Programmable-Prepared and

Characterized Nanoplasmonic Superlattice Substrates. PEG60-S-coated Au TNPs were
characterized by determining the A.spr extinction peak in air. As shown in Figure 6,
functionalization of Au TNPs with PEG60-SH results in 60 nm red-shifts of the ALspr extinction
peak in air. This red-shift is due to a combination of the change in local refractive index of Au
TNPs and the formation of the Au-S bond, which is further supported by the broadening of the
LSPR dipole peak.>**? To validate our hypothesis and to prepare large scale, homogeneous self-
assembly of Au TNPs for the SERS-based, ultrasensitive drug analysis, we studied the constant
contact radius (CCR) and constant contact angle (CCA) mode-controlled droplet evaporation-
based self-assembly of PEG60-S-coated Au TNPs.*® Effective TNP-TNP, TNP-suspension, and
droplet-solid support interactions are important for the formation of a 3D nanoplasmonic
superlattice.** PEG60-S-coated Au TNPs provide efficient TNP-TNP interactions. Furthermore,
the hydrophilic nature of the PEG60 chains***® generate steric stabilization of the Au TNP as well
as a short-range repulsive hydration force, which together induce the formation of a
nanoplasmonic superlattice. In order to achieve effective droplet-solid support interactions, we
investigated three different solid supports, APTES-, PHTMS-, and OCTMS-modified silicon
wafers.

The contact angle for water droplets on APTES-, PHTMS-, and OCTMS-modified silicon wafers

is determined to be 58, 73, and 90°, respectively, see Figure 7. Importantly, the contact angle
values are significantly lowered for the aqueous colloidal solution of PEG60-S-coated Au TNPs
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(Figure 5 and 7). We believe this is due to an effective droplet-substrate interaction. The contact
angle data agree with the hydrophilic nature of APTES due to the presence of the terminal

Figure 7. Contact angle images for the water droplet on (A) APTES-, (B) PHTMS-, and (C)
OCTMS-modified glass supports. Contact angle images for an aqueous colloidal solution of
PEG60-S-functionalized Au TNPs droplet on (D) APTES-, (E) PHTMS-, and (F) OCTMS-modified
Si wafer. Adapted from Sardar et al. Analyst 2020.

—NH, group, where as an OCTMS support containing long aliphatic chains produces a
hydrophobic surface. We conducted scanning electron microscopy (SEM) analysis to determine
the spatial arrangement of PEG60-S-functionalized Au TNPs onto the above-mentioned, modified
silicon wafer supports. As shown in Figure 8A-C, PEG60-S-coated Au TNPs form 2D, mixture of
2D and 3D, and 3D assemblies on APTES-, PHTMS-, and OCTMS-modified silicon wafers,
respectively, which were used to control droplet-substrate interactions. Herein, for the SERS-
based drug analysis, we refer to the nanoplasmonic superlattices prepared with APTES-, PHTMS-
, and OCTMS-modified silicon wafers as Substrate-1, Substrate-2, and Substrate-3,
respectively. Most importantly, OCTMS-modified silicon wafers produce a large-area (> 25 um?)
self-organization of PEG60-S-coated Au TNPs, as shown in the SEM image (Fig. 8C). We believe
that the hydrophilic character of the APTES-modified glass support promotes CCR modes. Here,
the droplet evaporates with a constant area and reduces the contact angle resulting in a 2D
assembly with many vacant spots. In contrast, the less hydrophobic PHTMS-modified silicon
wafer provides both CCR and CCA modes during droplet evaporation. This causes the formation
of short-range 3D along with 2D assemblies. Finally, CCA mode is more prominent for the
OCTMS-modified silicon wafer in which the contact line disappears towards the center. This
process allows the arrangement of Au TNPs in uniform staking through thermodynamically-
controlled hydrophilic-hydrophilic and van der Waals interactions between polyethylene glycol
chains that together result in the formation of the 3D nanoplasmonic superlattice. We
characterized the optical properties of these substrates using UV-Vis-NIR spectroscopy (Figure
8D). The LSPR dipole peak maxima (A.spr) of Au TNPs in Substrate-1, 2, and 3 were found to be
937, 969, and 988 nm, respectively. A progressive red-shift of A.spr is in agreement with the
plasmonic properties of electronically interacting metallic nanostructures.*’ In the 3D assembly
shown in Substrate-3, a near-field plasmonic coupling between close-packed Au TNPs is
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expected to be strong in comparison to either 2D or a mixture of 2D and 3D assemblies. While
this does not emphasize the detailed studies that were conducted to optimize the surface ligand
chemistry of Au TNPs in order to achieve 3D superlattices, we have observed that the chain length
of PEG units plays an important role in the overall assembly process. Particularly, we do not
observe the formation of a large area 3D nanoplasmonic superlattices with shorter glycol units
such as PEG18 (data not shown). This could be due to ineffective droplet-solid support
interactions.

N&r;nallzod Extiction (a.u.)

Figure 8. Low magnification scanning electron microscopy image of nanoplasmonic superlattice
substrates prepared on (A) APTES- (B) PHTMS- (C) OCTMS-modified silicon wafer. Scale bars
are 1.0 uym. (D) Normalized UV-Vis-NIR extinction spectra of nanoplasmonic superlattice
substrates. The inset shows an expanded region of LSPR dipole peak of Au TNPs: Black
(Substrate-1, ALspr = 937 nm, APTES-modified silicon wafer), red (Substrate-2, ALspr = 969 nm,
PHTMS-modified silicon wafer), and blue (Substrate-3, A.spr = 988 nm, OCTMS-modified silicon
wafer). An average 51 nm red shift is observed between 2D self-assembly (Substrate-1) and 3D
self-assembly (Substrate-3). For the UV-Vis-NIR analysis, glass coverslips were functionalized
with APTES, PHTMS, and OCTMS to prepare nanoplasmonic superlattice substrates and the
spectra were collected in transmission mode. Adapted from Sardar et al. Analyst 2020.
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5.1.2. SERS Performances of Nanoplasmonic Superlattice Substrates for Ultrasensitive
Drug Analysis. The potential of nanoplasmonic superlattice substrates for SERS-based
ultrasensitive detection of drugs was studied. Figure 9A-C depict the SERS spectra of fentanyl
for different concentrations (1.0 X 10°M to 1.0 X 1072 M) collected using the three different
superlattice substrates. The C-N stretch of fentanyl appears at 1334 cm™, which increases in
intensity as the concentration increases. Importantly, when Substrate-2 and -3 were used for
SERS analysis, all the characteristic peaks of fentanyl can clearly be observed, even at
concentrations down to 100.0 X 107" M with a signal-to-noise ratio of 3.3. We determined the limit
of detection (LOD) by plotting the intensity of C-N stretch vs. logarithm of fentanyl concentration
(Figure 9D). The LOD for Substrate-1, -2, and -3 were determined to be 160 parts-per-trillion
(ppt), 14.9 ppt, and 130 ppq, respectively. Moreover, a wide linear dynamic range spanning 7
orders of magnitude was observed for Substrate-2 and -3. The SERS sensitivity of our 3D
nanoplasmonic superlattice substrates is at least 5 orders of magnitude higher than other Au or
Ag nanostructure-based substrates for the detection of synthetic opioids.*® This unprecedentedly
low LOD is due to the formation of a large number of electromagnetic hot spots that originate from
the near-field plasmonic coupling between adjacent Au TNPs within the 3D superlattice substrate.
The number of hot spots is expected to be lower in Substrate-1 (only 2D assemblies) and -2
(mixture of 2D and 3D assemblies). It is important to mention that we independently analyzed
each superlattice substrate by SEM to confirm the assembly-type before performing SERS
analyses.
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Figure 9. SERS spectra of fentanyl collected from (A) 1.0 mM to 10 nM concentrations using
Substrate-1, (B) 1.0 mM to 100 pM concentrations using Substrate-2, and (C) 1.0 mM to 1.0 pM
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concentrations using Substrate-3. (D) Fentanyl C-N stretch at 1334 cm™ vs. log concentration for
three different substrates: Blue diamonds (Substrate-1, R? = 0.9983), Red dots (Substrate-2, R?
= 0.9829) and Black squares (Substrate-3, R? = 0.9899). Average SERS intensity was determined
from 6 measurements. Adapted from Sardar et al. Analyst 2020.

In literature, polymer-coated gold nanorods (Au NRs) have been self-assembled into 3D
nanoplasmonic superlattices for various SERS-based analyte detection, including drug analysis.*®
However, to the best of our knowledge, this is the first example where a 3D nanoplasmonic
superlattice is prepared using a controlled droplet evaporation method of chemically-synthesized
Au TNPs. For SERS-based analyte detection, TNPs are a better choice than NRs because the
sharp tips and edges of TNPs induce very high electromagnetic (EM)-field enhancement in
comparison to NRs, which lack such unique structural features. The EM-field could couple in near-
field in a 3D superlattice producing a large number of hot spots and thus would enormously
increase the SERS enhancement factor. To validate our statement, we calculated the analytical
enhancement factor (AEF) of the 3D nanoplasmonic superlattice (Substrate-3) because it
provided the most sensitive fentanyl detection. We opted to determine the AEF instead of
standard SERS EF*° because in a 3D superlattice, most of the drug molecules are expected to
penetrate inside the porous 3D structures distributing throughout the superlattice volume within a
confined space, as similar to a fully-dissolved analyte solution. Under this circumstance, there will
be no real flat area on the SERS substrate. We calculated AEF of Substrate-3 using a literature
procedure:*°

AEF = (S (2

Irs 7 “CsERs
Here, we utilize the ratio between the SERS intensity (Isers) and the normal Raman intensity (Irs)

for a selected concentration of fentanyl under identical experimental conditions. The Isers is 6209
for the 1334 cm™ peak at 10™'® M concentration on the 3D nanoplasmonic superlattice, and the
Irs is 97 at 10 M concentration on a non-functionalized silicon wafer (Figure 10). We determined
an AEF value of 6.4 x 10® AEF for Substrate-3. This is the highest AEF value reported for Au
TNPs.?*%0 We believe this extraordinarily high AEF value is due to the unique structural features
of Au TNPs and their strong near-field plasmonic coupling within the 3D superlattice. Taken
together, this extraordinarily high AEF value is in agreement with the unique structural features of
- Au TNPs and their strong near-field
I p— plasmonic  coupling within the 3D
superlattice that together allow
ultrasensitive analyte detection capability
under this unique spatial organization.

Figure 10. Black curve represents the
normal Raman spectrum of 1.0 mM fentanyl
on silicon wafer. Blue curve represents the
SERS spectrum of 100 pM fentanyl on
Substrate-3. For the AEF calculation we
: ; . : | . . used C-N stretch of fentanyl at 1334 cm™ as
400 600 800 1000 1200 1400 1600 1800 2000 shown in the dotted red box. Adapted from

Raman Shift (cm-1) Sardar et al. Analyst 2020.

Raman Intensity
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Figure 11. SERS spectra of (A) cocaine and (B) JWH-018 collected using Substrate-3. The plot
of SERS intensity as a function of (C) aromatic C=C stretch at 1586 cm™ of cocaine (D)
naphthalene C-H stretch at 1393 cm™ of JWH-018 vs. respective logarithm concentrations.
Adapted from Sardar et al. Analyst 2020.

Toxicological drug analysis requires identification and quantification of different drug types and
thus, any newly developed sensors should demonstrate a good versatility. The above
experimental results suggest that Substrate-3 is the most effective SERS substrate for
ultrasensitive drug analysis. Therefore, we used this substrate to perform SERS analysis of two
important classes of drugs, a coco alkaloid (cocaine) and a synthetic cannabinoid (JWH-018). We
selected these drugs because they are highly potent and/or most abused in the United States.*'
Furthermore, the use of a mixture of cocaine and cannabinoid significantly increases the mortality
risk compared to other drug mixtures seen in ED patients.*? Figure 11A-D show concentration
dependent SERS spectra and the corresponding calibration plots for cocaine and JWH-018. We
used the aromatic ring (C=C) stretch at 1586 cm™ for cocaine and naphthalene C-H stretch at
1393 cm™ for JWH-018 to develop calibration plots. Impressively, we are able to quantify cocaine
and JWH-018 at a LOD of 32.3 and 118.9 ppq, respectively, with an excellent linear dynamic
range. Our LOD value for cocaine is well under the concentration of a positive test guideline
issued by the United States Department of Health and Human Services.>® Reproducibility of the
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SERS response is crucial for forensic toxicology applications. To study reproducibility in the
fabrication of nanoplasmonic superlattices for SERS applications, we synthesized four different
batches of Au TNPs, and fabricated four Substrate-3 from each batch of Au TNPs (n = 16). We
measured the SERS of 1.0 uM fentanyl. As shown in Figure 12, only 3.8% relative standard
deviation is observed amongst 16 superlattice substrates in
SERS analysis. The data confirm that our fabrication strategy
is highly reproducible.

Figure 12. (Top) The reproducibility of our developed
nanoplasmonic superlattice for SERS-based drug analysis.
SERS spectra of 1.0 uM fentanyl were collected from 16 /
different substrates. (Bottom) The bar graph shows relative e
standard deviation of 3.8% amongst 16 superlattices. Adapted
from Sardar et al. Analyst 2020.

5.1.3. Correlating Experimentally-Determined SERS
Spectra of Drugs with Theoretical Calculations. It is
important to discuss that the SERS spectra we acquired for
fentanyl using our nanoplasmonic superlattice substrates are
different than those reported in the literature.3®*** One of the
drawbacks in the current literature reporting SERS-related drug
detection is that each article assigns Raman stretches of drug
molecules based on the convenience without any additional support for such a
selection.'23%43485% For an example, literature report on DFT calculations of just fentanyl
molecules showed that the aromatic C=C stretch would be much higher in intensity that the H-C-
N2 stretch.®® In contrast, as shown in Fig. 9, fentanyl displays higher intensity H-C-N2 Raman
stretch (~1340 cm™) than the aromatic C=C stretch (~1000 cm™). Therefore, we used H-C-N2
stretch to develop the calibration plot as opposed to commonly used aromatic C=C stretch.3>>4

0 2 4 6 8 10 12 14 16
Substrate Number

It has also been reported in the literature that electronic interactions between analyte molecules
and metal nanostructures shifts Raman vibration modes;?' however, to our knowledge, no report
is available demonstrating this unusual variation in Raman peak intensity. As shown in Figure
13A, the SERS spectrum of fentanyl collected using our 3D nanoplasmonic superlattice
substrates closely resembles the DFT-calculated spectrum in which N2 of fentanyl molecule
electrostatically interects with a Au atom. It is known that thiolated ligands bind onto low index
facets of Au nanostructures, whereas high index facets such as sharp corners and edges remain
unpassivated.®” Therefore, we hypothesize that PEG60-thiolates coat the flat surface of Au TNPs
leaving sharp tips and corners unpassivated where drug molecules could electrostatically adsorb
due to strong Au-N interactions.?’ It is also known that direct adsorption/attachment of analyte
molecules onto plasmonic metal nanostructures increases the SERS enhancement.”® We
observed a slight shift in Raman peak position between experimental acquired spectrum and
DFT-calculated spectra. This could be due to the variation in the orientation of fentanyl molecule
adsorbed onto the TNP surface.?’ Finally, one could argue that thick PEG60-S-coating would lead
the drug molecule to directly adsorb onto the polymer layer. To overrule such possibility, we also
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acquired DFT-calculated Raman spectra of fentanyl hydrogen-bonded with the oxygen from glycol
unit. Interestingly, the Raman stretch and/or peak intensity are almost identical with pure fentanyl
molecule. Therefore, we believe that the hydrophilic character of PEG60 repels highly
hydrophobic fentanyl molecules that could prompt them to diffuse through the porous 3D structure
of plasmonic superlattice substrates and bind with exposed Au atoms of TNPs. We also
conducted DFT calculations for cocaine and JWH-018 and the data strongly support the formation
of Au-N interaction (Figure 13B). Taking our TDDFT data into consideration, the excellent LOD
for fentanyl, cocaine, and JWH-018 is in agreement with unique structural properties of our
developed 3D nanoplasmonic superlattice substrates for SERS analysis. Additional DFT-
calculated Raman spectra (Figure 14) and the vibrational modes of calculated Raman stretches
(Table 1) are provided in the supporting information file.
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Figure 13. (A) Comparison of DFT-calculated Raman spectra of fentanyl under different
molecular interactions: (a) only fentanyl, (b) fentanyl hydrogen-bonded with ethylene glycol, (c)
N2 of fentanyl electronically interacting with a Au atom and (d) experimenatlly-acquired SERS
spectra using Substrate-3. Asterisks represent the position of H-C-N2 Raman stretch of fentanyl.
(B) DFT-calculated Raman spectra of Au-attached JWH-018 (a) and cocaine (c), and
experimental SERS spectra of JWH-018 (b) and cocaine (d). Asterisks represent position of
naphthalene C-H stretch of JWH-018 and aromatic C=C stretch of cocaine. Adapted from Sardar
et al. Analyst 2020.
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Figure 14. DFT-calculated Raman spectra of cocaine (A) and JWH-018 (B). Experimental SERS
spectra (blue curve) and DFT-calculated Raman spectra (red curve) of (C) cocaine, (D) JWH-018,
and (E) fentanyl in which their nitrogen atom formed hydrogen bonding with ethylene glycol.
Adapted from Sardar et al. Analyst 2020.

5.1.4. SERS-Based Real Toxicological Plasma Sample Analysis from the Emergency
Department Drug-of-Abuse (DOA) Patients. Impact of a new laboratory-based analytical
technique can only be evaluated by testing potential applications in real world samples. In clinical
toxicology, standard immunoassay analysis is routinely performed to determine the type of drugs
that patients have consumed. However, inadequate sensitivity in most immunoassay techniques
cause them to fail at detecting synthetic cannabinoids and opioids. Thus, for proof-of-concept, we
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analyzed 10 samples of DOA patient plasma from the ED using the SERS technique. For the
patient sample analysis, first the crude plasma samples were diluted with RNA-free water to
prepare a 10% plasma solution. From this, a total 6 yL of sample was drop-casted onto
Substrate-3 (prepared using OCTMS-functionalized glass support). Figure 15A shows the SERS
spectra from six patients’ plasma, in which we are able to determine that the plasma of patients-
(a) and (b) contained cocaine, and patients-(d), -(e), and —(f) contained fentanyl. Most importantly,
the plasma of patient-(c) contained both cocaine and fentanyl (Figure 15B). We independently
confirmed the identity of the drugs in patients-(a) to (f) using our novel paper spray ionization
(PSI)-mass spectrometry (MS) technique (data not shown). Utilizing the calibration plot developed
for fentanyl (Figure 9D) and cocaine (Figure 11C) for Substrate-3, we also determined the
concentration of drugs in the-above mentioned six samples. Taken together, our SERS-based
drug analysis shows an excellent selectivity, which is a key requirement in clinical samples for
court admissible data. Perhaps, our SERS-based drug detection approach can be implemented
to analyze real-world forensic toxicology samples.
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Figure 15. SERS spectra of six-patient plasma diluted to 10% (v/v) with RNase free water and
then drop-casted onto Substrate-3 for analysis. The blue and red dashed lines represent the peak
corresponding to C-N stretch at 1334 cm™ of fentanyl and C=C stretch at 1586 cm™ of cocaine,
respectively. An expanded spectral area of patient-(c) sample is shown in (B). The blue dashed
line is representing the peak assigned to C-N stretch at 1334 cm™ of fentanyl. Adapted from
Sardar et al. Analyst 2020.

Raman Intensity

5.1.5. Summary. In summary, a solid-state fabrication strategy was developed to prepare
nanoplasmonic superlattice substrates by controlling the self-assembly process of polymer-
coated Au TNPs to create ultrasensitive detection of potent drugs in human plasma using the
SERS technique. This nanoplasmonic superlattice substrate provides several advantages over
traditional SERS-based techniques: (1) The thermodynamically-controlled formation provides
homogeneous assembly and produces a highly reproducible SERS signal. (2) The porous 3D
structure allows analytes to enter inside the superlattice structures, possibly within a close vicinity
of the electromagnetic hot spot for the maximum SERS signal. In contrast, traditional SERS-
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based techniques rely on analyte adsorption onto the top surface of the substrate, in which hot
spots may or may not be present. (3) As mentioned before, PEGs are known to reduce non-
specific adsorption of endogenous biomolecules from biofluids, and therefore increase selectivity,
as we have observed in this study. Our DFT calculations also support the unique structural
properties of the superlattice substrate that resulted in an exceptionally high SERS sensitivity. We
believe that our newly developed 3D nanoplasmonic superlattices could advance forensic
toxicology applications by analyzing potent drugs directly from the plasma samples of DOA
samples using a label-free SERS technique. Although we have demonstrated the utility of our
nanoplasmonic superlattice substrates in toxicology drug analysis, the substrates could also be
used for ultrasensitive SERS-based detection and quantification of any analytes such as
pesticides, explosives, radioactive materials, and biomolecules both in aqueous medium and
human biofluids.>®*?
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Figure 16. 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.™ Adapted from Sardar et al. Anal. Chem. 2021.

5.2. Flexible SERS Substrates for Toxicological Drug Analysis. The research described
above shows the importance about the self-assembly of metallic nanoparticles in SERS. To
further demonstrate the unique aspects of our SERS-based toxicological drug analysis, we
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pursued to construct a simple SERS nanosensor fabrication strategy that meets both of the
above-mentioned requirements to achieve high sensitivity and specificity, while mitigating fouling
effects. Here, we used Au TNPs as plasmonic nanostructures in the SERS nanosensor
fabrication. We adopted a two-step fabrication strategy: Firstly, functionalize Au TNPs with PEG-
S- to avoid non-specific adsorption of endogenous biomolecules and thus provide 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 EM 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. The fabrication strategy is schematically shown in Figure 16 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.

(A)

Absorbance (a.u.)
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Figure 17. 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. Adapted from
Sardar et al. Anal. Chem. 2021.

We used Au TNPs because of their unique structural and 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 bonds are 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.” 283965 We used TEA to control the nucleation and growth processes for the
formation of TNPs. Figure 17A illustrates a UV-visible absorption spectrum of Au TNPs exhibiting
a characteristic LSPR dipole peak at ~795 nm in acetonitrile.*®** TEM analysis shows the
presence of 42 + 6 nm edge-length Au TNPs (Figure 17B). 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 PEG60-S- functionalization and
transferring from glass onto flexible substrate, the LSPR dipole peak red shifts to 820 nm (Figure
18). 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 a 786 nm laser for the SERS analysis to enhance signal intensity.*®
As shown in Figure 17C,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 a self-assembled flexible
substrate. 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 400 5(']0 360 760 860 960 10'00
expected to provide long-term stability during
storage (vide infra).

Absorbance (a.u.)

Wavelength (nm)
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Figure 18. UV-Vis extinction spectra of different SERS-substrates. TEA-functionalized Au TNPs
on APTES-functionalized glass substrate (black, A.spr = 730 nm). PEG-60-thiolate functionalized
Au TNPs on flexible adhesive tape substrate (red, A.spr = 820 nm). Adapted from Sardar et al.
Anal. Chem. 2021.
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Figure 19. SERS performances of the plasmonic patches. (A) Concentration dependent 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). Adapted from Sardar et al. Anal. Chem. 2021.
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5.2.1. Analytical Figures 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
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Figure 20. Concentration dependent SERS spectra (red = 1 mM, blue = 100 pM, green = 10 pM,
orange = 1 pM, purple = 100 nM, pink= 10 nM, black = 1 nM ), and the corresponding calibration
plot (B) of fentanyl when PEG60-thiolate-functionalized Au TNPs adsorbed onto the glass were
used as a substrate. Calibration plots of fentanyl SERS spectra determined when TEA-passivated
Au TNPs adsorbed onto a (C) flexible adhesive substrate and (D) non-flexible glass substrate.
Adapted from Sardar et al. Anal. Chem. 2021.

fentanyl as a model analyte. Figure 19A 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 19B). 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
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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 were used for SERS-based fentanyl
analysis (LOD ~ 594.4 pM, 200 pg/mL), Figure 20A,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 20C,D. 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.3*%¢ Clearly, the presence of sharp
edges and corners of TNPs lead to a strong 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.®
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Figure 21. Representative SEM images of TEA-passivated Au TNPs adsorbed onto a flexible
adhesive substrate before (A) and after (B) addition of 6 uL aqueous analyte solution, PEG60-S-
functionalized Au TNPs adsorbed onto a glass substrate before (C) and after (D) addition of
aqueous analyte solution, TEA-passivated Au TNPs adsorbed onto a glass substrate before (E)
and after (F) addition of aqueous analyte solution, and (G) plasmonic patch after addition of
aqueous analyte solution. Adapted from Sardar et al. Anal. Chem. 2021.

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 21). 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 21A,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 PEG60-thiolate-functionalized TNPs are chemisorbed onto
amine terminated glass substrates via weak Au-N interactions but with an excellent two-
dimensional arrangement (Figure 21C-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 21E-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 21G). 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.

SERS EF = [f528s] [ e | (1)

NR 1 LNgERs

Here, Isers and Inr are SERS and normal Raman intensity of fentanyl, respectively. The Nyr 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 107 and 5.2 X 10° for plasmonic patch and PEG60-S-functionalized Au
TNPs adsorbed onto glass substrates, respectively. 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 were present onto a
flexible substrate (plasmonic patch) than a 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
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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 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 2 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.
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Figure 22. Representation of SERS spectra used to calculate S/N ratio of (A) TEA passivated Au
TNPs adsorbed onto a flexible adhesive substrate (S/N = 4.8) and (B) the plasmonic patch (S/N
=12.5). S/N ratio was calculated by taking the mean of 1.0 nM fentanyl signal at 1384 cm™ (black
solid line) and dividing it by the standard deviation of the signal (black dashed lines). Mean was
calculated from six measurements. All six measurements are represented by the blue dots.
Adapted from Sardar et al. Anal. Chem. 2021.

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 show a S/N value of 4.8 under identical experimental
conditions. Figure 22 shows SERS spectra used for S/N calculations. PEGs are commonly used
to functionalize nanostructures in sensing applications because they reduce non-specific
adsorption of endogenous biomolecules from biofluids.?*#' 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
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interact with PEG while endogenous biomolecules are repealled 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
the TNP surface. Therefore, we believe that the lack of control over molecular diffusion in TEA-
passivated Au TNPs causes 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 to the presence of the analyte molecules much closer to 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 the adsorption constant (Kas) 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::"°

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

Here, Isand Ism 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 19C). Interestingly, the Kaq value is 2.1 x 10* + 1.3 L.mol”" for TEA-passivated
Au TNPs adsorbed onto a flexible adhesive tape. The result is significant and suggests that there
is a 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 LOD and fouling effects.®® Together, a relatively higher
Kaq 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 23, <3%
relative standard deviation (RSD) is observed when fentanyl SERS spectra were collected every
third day up to a month time.
oo Figure 23. Stability Data.
(B) (A) An average Raman
Intensity calculated from
plasmonic patch when
fentanyl SERS spectra
was collected every third
day for a month time.
The transparent purple
bar  represents the
Number of Weeks obtained relative
standard deviation, equal to < 3%. (B) An average Raman Intensity determined from plasmonic
patch when fentanyl SERS spectra was collected every week for a month time. The transparent
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green bar represents the obtained relative standard deviation, equal to 2.7%. Adapted from
Sardar et al. Anal. Chem. 2021.

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 aqueous medium. Figure 19D 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
the same for experimental and theoretical data. In contrast, this ratio is different for the 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 3). 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.

Figure 24. A comparison of experimentally (A) | (B)

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. Adapted

from Sardar et al. Anal. Chem. 2021. ‘_“—AJWJL
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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 24 shows experimentally acquired SERS spectra of cocaine, JWH-018, 4-ANPP, and
heroin and the comparison with TDDFT-calculated Raman spectra of these drugs. Cocaine
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displays characteristic aromatic stretch at 1253 and 1600 cm™, and C=0 stretch at 1720 cm™."

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®® 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 3-7). 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).
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Figure 25. (A) SERS spectra of 0.15% to 50% fentanyl in heroin [Black = 50%, Red = 30%, Blue
= 20%, Green = 10%, Orange = 5%, Light Purple = 3%, Pink = 1%, Yellow = 0.5%, Light Blue =
0.15%]. (B) Actual versus predicted concentrations based upon PCR. The solid line is the line of
unity and the dashed lines represent the 95% confidence limits. The goodness of fit (R?) was 0.96.
Adapted from Sardar et al. Anal. Chem. 2021.

5.2.3. Specificity Test by Binary Mixture Analysis. Fentanyl is commonly used as an adulterant
in heroin, and a few milligrams of fentanyl may cause an overdose due to its high potency.
Therefore, precise quantification of trace quantity fentanyl in binary mixtures is of paramount
importance to avoid drug related death and aid in the battle with opioid pandemic. Here we show
that the plasmonic patches are capable of identifying fentanyl in binary mixture with 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 25A, a wide range
of weight percentages of fentanyl in heroin (0.15% to 50%) were analyzed utilizing SERS. As
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shown in Figure 25B, 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 our SERS substrates in
comparison to the previous reported work by Haddad et al., where Ag NP-based SERS substrates
were used.® In addition, we have also analyzed the SERS spectra obtained for each weight
percentage through linear discriminant analysis. Principal 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 26). 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 25B.

Figure 26. (A) Calibration curve using the peak
intensity ratios of fentanyl (H-C-N2 Raman
stretch at 1384 c¢cm ') to heroin (-C=0 Raman I T
stretch at 1733 cm ') from 0.15-50%. Red
dashed line represents calibration curve fitting
using the Langmuir isotherm with R? = 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%.
Adapted from Sardar et al. Anal. Chem. 2021.
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5.2.4. 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 DOA.>? Opioids
undergo fast decomposition in the metabolic
system and their half-life is a 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
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techniques for clinical diagnosis of drugs show low sensitivity. Therefore, there is an unmet need
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for an ultrasensitive technique to identify drugs in the ED setting in order 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 27A). 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 27B, 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 values are provided in the supporting information Figure 1-11.
Table 8 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 highly 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 27C). As illustrated in Figure 27D, 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.
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Figure 27. (A) SERS spectra of 6.0 uL-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.
Adapted from Sardar et al. Anal. Chem. 2021.

5.2.5. Summary. 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
10") 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
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suggest molecular level interactions between PEG and drug molecules. Most importantly, through
chemometric analysis, 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.”

6. Implication and Applicability to Criminal Justice
There are several implications to increasing the sensitivity, selectivity, specificity, and

reproducibility of the instrumental/sensing methods applied to identify controlled substances.

(1) Improved selectivity allows for highly complex samples to be analyzed without extensive
preliminary sample prep. Selective methods can determine the presence of an analyte even
in the presence of interferences or metabolites thus eliminating false-positive results.

(2) Increased specificity removes doubts of the identification of a compound and increases the
probative value of a determination. Drug analysis is impacted as criminal charges for
consumption of a controlled substance can depend upon identifying a specific structural
isomer of a specific chemical compound. Identification of isomers not demonstrated.

(3) Enhanced reproducibility provides precision in measurements regardless of who or where it
is performed by following comparable procedures.

The development of ultrasensitive and highly specific SERS nanosensors has the potential to be
an advanced analytical tool for forensic toxicology that creates a simple, cost effective and easily
accessible means of analyzing human biofluids. Furthermore, enhanced drug detection sensitivity
will decrease the likelihood of false negatives, which may be a barrier to criminal charging.
Specifically, postmortem toxicology is one of the potential avenues where our technology can be
successfully implemented to avoid the very high risk of matrix effects. Finally, and most
importantly, the ultrasensitive nature of our SERS nanosensors should allow drug detection using
a portable Raman instrument, thus will increase the scope of drug screening for forensic
toxicologists, healthcare professionals, and law enforcement agencies for rapidly generating
presumptive results by screening illegal drug consumption and overdose. Taken together, we
believe that our tool will aid the forensic, healthcare, and law enforcement communities in the
battle against the drug overdose epidemic in the United States.

> PRODUCTS
List of all Scholarly Products

1. Peer-Reviewed Publications: During the grant period, the following two peer-reviewed articles
(number 1 and 2) have been published that are directly related to forensic toxicology.
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Furthermore, we published several other articles (number 3-6), where Raman characterizations
were conducted by using the instrument, which was purchased through NIJ support.
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» Supporting Information

Table 1. Density Functional theory-based Raman stretches of fentanyl, cocaine, and JWH-018.
All the vibrational modes are assigned as reported in the literature.'®"?

Only Fentanyl Fentanyl-Glycol Fentanyl-Au Experimental
Vibrational Description
Mode DFT/cm-1 Mode DFT/cm-1 Mode DFT/cm- SERS/cm-1

v (C=C)e1 124 1,642 172 1,642 127 1,580 1,573

8 (CHz)ip 118 1,506 161 1,498 121 1,476 1,469

5 (H-CN2) 103 1,390 142 1,399 107 1,372 1,338

v (N1-C-C-C)as; vt (CHz)p 85 1,222 119 1,219 82 1,140 1,106

5 (CH)B1,82 76 1,124 106 1,102 76 1,068 1,079

v (C=C)e1g2; & (CH)s1,82 70 1,052 9% 1,048 7 1,004 1,002
8 (C=C)ez; v (Cc-C1-Ca) 65 1,017 90 1,021 64 972 962
8¢ (CHz)pip; v (Ce-C1-C2) 57 966 83 976 59 916 937
v (Ca1-Ca-CyN1); B (ring) &1 45 778 64 751 52 820 852
yt(CHa); &r (CHz)pip; & (Ce-C1-Cz) 42 754 63 724 46 724 725
5 (ring) 1,82; & (CHz2)akyi; 8+ (CHs) 37 636 57 634 42 628 628

v = stretching, 6 = in plane deformation (sc = scissoring, r = rocking), y = out of plane deformation
(w = wagging, t = twisting), B = breathing.

. . L. Cocaine-Au Experimental
Vibrational Descriptions
Mode DFT/cm™ SERS/cm™

u (C=0, benzoate ester) 104 1,604 1,574

O (benzene ring) 90 1,380 1,390

w (CH, piperidine ring) + ws(CHz2, piperidine ring) 88 1,356 1,315

vas (HC-C-0) + & (benzene ring) + w (CH2-CH, piperidine/pyrollidine ring) 79 1,236 1,228

v (C‘—O,A piperidine_e_ster)f Bas (C-Ha, pip_eridipg ester) +y 68 1,180 1,170

(piperidine/pyrollidine ring) + w (C-H, piperidine ester)

O (benzene ring) 55 988 1,077

vs (H2C-CH-CH, piperidine ring) + vas (H2C-CH2—CHz, pyrollidine ring) 48 876 1,000
y (piperidine/pyrollidine ring) 44 804 817
y (benzene ring) 41 756 77
& (benzene ring) 33 620 637

v = stretching; 6 = in-plane distortion; y = out-of-plane distortion; w = wagging; t = torsion; B =
breathing; s = symmetric; as = antisymmetric
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Vibrational JWH-018-Au Experimental
Descriptions Mode DFT/cm! SERS/cm™
v (C=0) 120 1,604 1,581
Bsc (CHa); ﬁsc((g:)g)'i‘ g;c (CH2) 12; Bsc 16 1,492 1,450
& (CH) Nph 104 1,420 1,392
v (C=C) Nph 100 1,388 1,312
vt (CH2); 8sc (CH) 12, N2 91 1,276 1,242
8sc (HC-CH) 12, N1 83 1,188 1,168
Bsc (HC-CH) Nph 78 1,140 1,127
8sc (HC-C-CH) N1 74 1,060 1,076
B (ring) I12; v (C-C) tail 69 1,012 1,014
v (C-CHs); & (ring) 12, Nph 60 908 922
&r (CHa); &r (CHs); yw (CH)-N-CH 52 796 856
B (ring) Ind; yw (CH) Nph 49 764 775
5 (ring) Nph 41 668 713
8 (ring) 11, Nph 40 644 659
d (ring) Ind, Nph 33 508 580
yw (CH) Nph; & (ring) Ind 31 468 497

v = stretching, 6 = in plane deformation (sc = scissoring, r = rocking), y = out of plane
deformation (w = wagging, t = twisting), 8 = breathing. Nph = Naphthalene; Ind = Indole;
N1 and N2 refer to the two rings in naphthalene. 11 and 12 refer to the two rings in indole.
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Table 2. Summarization of different obtained SERS-EF for flexible substrate found in the

adhesive tape

literature.
SERS Substrate Analyte Ef Reference
Silver nanoparticles on cotton Rhodamine 6G 16 x 10 74
swab
Silver nanoparticles on filter Fentanyl 3.1 x 107 75
paper
Gold nanorod clus_ters on SIS Crystal violet 4.5 % 10° 76
polymer film
Gold nanoparticles on PMMA Malachite green 7 77
; . . 24x10
polymer film isothiocyanate
Gold and silica nanoparticles . 3 78
on PDMS polymer film Benzenethiol 7.1x10
Silver nanoparticles on PDMS Aminothiolphenol 4.6 x 10° 79
polymer film
Gold nanostars on PDMS . s 80
polymer film on silicon wafer Benzenethiol 1.9x10
Gold film on gel tape Crystal violet 1.5 x 10° 81
Silver nanocil;)s: on adhesive Aminothiophenol 3.2 x 10° 82
Gold nanoparticles on - s 83
adhesive tape 4-Mercaptopyridine 1.3x10
Gold triangular nanoprisms on Fentanyl 4.5x 107 Current work
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Table 3. \Various vibrational modes of fentanyl for TDDFT-calculated Raman spectra and
experimental SERS spectra. Scale factor for TDDFT spectra is 0.93.

Vibrational Description Fentanyl Fentanyl-Glycol Experimental
Mode | DFT (cm™) Mode DFT (cm™) | SERS (cm)
v (C=C)g1 124 1,757 172 1,756 1,738
O (CH2)pip 118 1,602 161 1,603 1,603
0 (H-C-N2) 103 1,402 142 1,381 1,384
v (N1-C-C-C)s1; vt (CH2)p 85 1,302 119 1,296 1,300
0 (CH)s182 76 1,202 106 1,227 1,252
v (C=C)z1,82; 6 (CH)s152 70 1,125 96 1,121 1,120
0 (C=C)gz2; v (Cc-C1-C2) 65 1,087 90 1,087 1,085
Or (CH2)pip; V (Ce-C1-C2) 57 1,033 83 986 997
Vv (Cg1-Ca-Cp-N1); B (ring) B1 45 979 64 919 900
Ve(CHs); o (CCHZ;)F"P; 0(CeCr | 4o 809 63 774 710
2
0 (ring) B1,82; Or (CH2)a+B1 ;
(ring) iy (CHE) ) 37 679 57 678 659

(N1)

1

N 2
(Nz)\ﬂ/\
o

v = stretching, J = in plane deformation (sc = scissoring, » = rocking), y = out of plane deformation
(W = wagging, t = twisting), § = breathing

pip = piperidine ring
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Table 4. Various vibrational modes of cocaine for TDDFT-calculated Raman spectra and
experimental SERS spectra. Scale factor for TDDFT is 0.98.

Vibrational Description

Cocaine-Glycol

Experimental

Mode DFT (cm™) SERS (cm™)
u (C=0, benzoate ester) 125 1,717 1,720
0 (benzene ring) 124 1,609 1,600
w (CH, piperidine rlﬂ%; w (CH2, piperidine 115 1,462 1453
v (HC—C—O_) + 6 (benzene_ rl_ng) +w (CH- 108 1,397 1,380
CH, piperidine/pyrollidine ring)
v (C-0, piperidine ester) + 3 (C—Hs,

piperidine ester) + y (piperidine/pyrollidine 101 1,321 1,315

ring) + w (C—H, piperidine ester)
0 (benzene ring) 94 1,258 1,253

v (H2C-CH-CH, piperidine ring) + v

(H2C—CH2-CHb, pyrollidine ring) 70 1,027 1,035
y (piperidine/pyrollidine ring) 67 998 1,003
y (benzene ring) 55 853 848
0 (benzene ring) 40 620 638

H;C—N

v = stretching, J = in plane deformation (sc = scissoring, » = rocking), y = out of plane deformation

(W = wagging, t = twisting), § = breathing
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Table 5. Various vibrational modes of JWH-018 for TDDFT-calculated Raman spectra and
experimental SERS spectra. Scale factor for TDDFT is 0.0.

Vibrational Description JWH-018 -Glycol Experimental
Mode DFT (cm™) SERS (cm™)
v (C=0) 138 1,659 1,628
Osc (CH2) N2 137 1,603 1,575
Osc (CHy); dsc (CH?’)[\;]SI'S]C (CH2) 12; dsc (CH) 136 1547 1,520
or (CH) Nph 119 1,491 1,463
v (C=C) Nph 114 1,379 1,370
yt (CH2); dsc (CH) 12, N2 104 1,295 1,253
Osc (HC-CH) 12, N1 99 1,232 1,205
0sc (HC-CH) Nph 91 1,155 1,138
Osc (HC-C-CH) N1 86 1,092 1,075
B (ring) 12; v (C-C) tail 76 1,036 1,015
v (C-CHa);  (ring) 12, Nph 68 903 890
Or (CH2); &r (CHas); yw (CH)-N-CH 60 819 800
B (ring) Ind; yw (CH) Nph 57 784 775
0 (ring) Nph 49 679 673
0 (ring) Ind, Nph 39 518 518

v = stretching, J = in plane deformation (sc = scissoring, » = rocking), y = out of plane deformation
(W = wagging, t = twisting), § = breathing

Nph = Naphthalene; Ind = Indole

N1 and N2 refer to the two rings in naphthalene
I1 and 12 refer to the two rings in indole
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Table 6. Various vibrational modes of 4-ANPP for TDDFT-calculated Raman spectra and
experimental SERS spectra. Scale factor for TDDFT is 1.05. Adapted from Sardar et al. Anal.
Chem. 2021.

Vibrational Description 4-ANPP -Glycol Experimental
Mode DFT (cm™) SERS (cm™)
v (C=C)s2 152 1,735 1,735
Osc (CHZ)pip 144 1 ,608 1 ,600
v (Cp-N1); B (CH)pip 126 1,566 1,528
Vsm (CHZ)pip ; Or (CH)B'] 118 1,405 1,453
Vasm (CHZ)pip ; Or (CH)BZ 114 1,380 1,373
\" (ch'Cn)u+B1 107 1 ,295 1 ,253
v (C=C)z2; &sc (CH)B1 89 1,143 1,170
v (C=C)z1; &sc (CH)B2 84 1,109 1,075
Osc (C=C)a2 79 1,066 1,038
Or (CH2)a+B1 73 1,024 1,005
v (C-N2-C) 66 916 910
Or (CH2)pip ; vt (CH)B1 57 809 845
Or (C=C)g1 ; Osc (CH2)a+B1 50 664 655
yw (CH)s1 41 504 523

(N1)

N
@ N2>y

v = stretching, J = in plane deformation (sc = scissoring, » = rocking), y = out of plane deformation
(W = wagging, t = twisting), § = breathing

pip = piperidine ring
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Table 7. Various vibrational modes of heroin for TDDFT-calculated Raman spectra and
experimental SERS spectra. Scale factor for TDDFT is 0.81. Adapted from Sardar et al. Anal.
Chem. 2021.

Vibrational Description Heroin-Glycol Experimental
Mode DFT (cm™) SERS (cm™)
v (C=0) 142 1,733 1,733
v (C=C)c 139 1,606 1,575
v (C=C)a, 8sc (CH2)s 126 1,428 1,453
0sc (CH)c 119 1,378 1,378
Or (CH2)o 101 1,312 1,325
Or (CH)a, or (CH2)s 92 1,220 1,253
0sc (CH-CH)g, v (O-C(=0)-C) Tall 89 1,193 1,233
v (C=C)c , 8sc(CH2)p 84 1,150 1,188
v (C=C)a, v (N-CHs)o 82 1,135 1,160
v (C-C)s 80 1,096 1,113
yt (C-C-C)c 79 1,066 1,075
yw (CHzs) Tail 77 1,035 1,038
Osc (CH)a 74 1,004 1,000
yw (C-C)a 67 884 910
yw (C-C)c 64 857 875
yw (C-C)s 63 826 847
or (C-C)c 58 749 768
yt (Ring A) 50 606 648
B(C-H)ac 41 525 518

v = stretching, J = in plane deformation (sc = scissoring, » = rocking), y = out of plane deformation
(W = wagging, t = twisting), § = breathing
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Table 8. Calculated fentanyl concentrations in DOA patient samples determined by SERS and
PSI-MS. Adapted from Sardar et al. Anal. Chem. 2021.

SERS Plasmonic Patch Conc.

Patient no. Paper Spray MS Conc. (ng/mL) (ng/mL)
(a) 1.0 1.2
(b) 1.0 1.1
(c) 5.0 5.4
(d) 7.3 8.8
(e) 1.1 0.5
(f) 9.0 11.8
(9) 3.2 3.9
(h) 5.3 5.9
(i) 3.3 25
() 5.0 4.9
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» Supporting Information Figures (All these figures are adapted from Sardar et al. Anal.
Chem. 2021).
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Figure 1. Calibration curve for fentanyl in pooled human donor plasma for PS-MS analysis.
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Figure 2. MS/MS spectra of DOA patient plasma-a. The m/z peak at 337 is for intact fentanyl and
the fragments are appeared m/z at 105 and 108.
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Figure 3. MS/MS spectra of DOA patient plasma-b. The m/z peak at 337 is for intact fentanyl and
the fragments are appeared m/z at 105 and 108.
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Figure 4. MS/MS spectra of DOA patient plasma-c. The m/z peak at 337 is for intact fentanyl and
the fragments are appeared m/z at 105 and 108.
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Figure 5. MS/MS spectra of DOA patient plasma-d. The m/z peak at 337 is for intact fentanyl and
the fragments are appeared m/z at 105 and 108.
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Figure 6. MS/MS spectra of DOA patient plasma-e. The m/z peak at 337 is for intact fentanyl and
the fragments are appeared m/z at 105 and 108.
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Figure 7. MS/MS spectra of DOA patient plasma-f. The m/z peak at 337 is for intact fentanyl and
the fragments are appeared m/z at 105 and 108.
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Figure 8. MS/MS spectra of DOA patient plasma-g. The m/z peak at 337 is for intact fentanyl and
the fragments are appeared m/z at 105 and 108.
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Figure 9. MS/MS spectra of DOA patient plasma-h. The m/z peak at 337 is for intact fentanyl and
the fragments are appeared m/z at 105 and 108.
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Figure 10. MS/MS spectra of DOA patient plasma-i. The m/z peak at 337 is for intact fentanyl!
and the fragments are appeared m/z at 105 and 108.
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Figure 11. MS/MS spectra of DOA patient plasma-j. The m/z peak at 337 is for intact fentanyl!

and the fragments are appeared m/z at 105 and 108.
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