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Abstract
Opioid abuse is a significant public health problem. Over two million Americans have
some form of addiction to opioids; however, despite governmental programs established to treat
overdoses and restrict opioid distribution, there are still few screening tools that are quantitative,
portable and easy to use for high-throughput mapping and monitoring this ongoing crisis. In this
paper, we demonstrated a plasmonic zinc oxide (ZnO) arrays-on-silicon sensor for the label-free
detection of opioids through surface-enhanced Raman spectroscopy (SERS), and evaluated the
chips’ opioid sensing performance. Specifically, we tested our device with oxycodone, a potent
and commonly abused opioid, dissolved in methanol and blood serum as a proof-of-concept
study. Ag particles were in-situ patterned onto the ZnO array to form the completed sensing
platform. The resulting ZnO-Ag arrays were characterized using Scanning Electron Microscope
(SEM), Energy Dispersive X-Ray Analysis (EDS), and element mapping. In addition, the
enhanced electric field induced by the localized surface plasmonic resonance at the Ag particle
decorated ZnO is simulated using COMSOL. Opioid-containing samples at varying
concentrations, from 900 µg/mL to 90 ng/mL were tested using SERS to characterize our
nanochip’s accuracy and sensitivity. We demonstrated that our sensor can reliably detect opioid
concentrations as low as 90 ng/mL with great accuracy and sensitivity even spiked into blood
serum. The chips could provide a cost-effective, high-throughput method for detecting opiate
oxycodone, thereby providing a powerful tool to monitor and control the emerging public health
threats.

1.

Introduction
The opioid crisis has posed major challenges for communities across America and the

world for decades. For example, oxycodone, one of the most abused opioids, caused an average
of 5526 deaths every year from 2011 to 2016 1 . Despite current attempts to cure the adverse
impacts of opioid abuse and overdoses as they appear, there are still few tools available to map
and understand this ongoing epidemic. For opioid substance detection, there are two existing
commercially available techniques, namely the immunoassays and gas chromatography - mass
spectrometry (GC-MS) 2,3
 . The working mechanism of the immunoassay method is to utilize the
change in enzyme activity when a specific antibody binds the drug, and the enzyme activity is
measured using a spectrophotometry. However, most immunoassays have a poor reaction to
opiate substances like oxycodone and oxymorphone and may lead to false-negative results 4,5
 .
The GC-MS method works by first separating the sample mixture through heating and flow of
gas, then the MS identifies the individual substance by measuring and comparing the mass of the
molecule. This method can provide more accurate results, but the technique is costly, requires a
time-consuming and laborious sample preparation procedure which can take up to 24 hours 4 . In
recent years, Surface-Enhanced Raman Spectroscopy (SERS) has become a popular method of
detecting trace amounts of chemical compounds, especially drugs 6–15
 , due to its ability to
enhance the Raman scattering signal of detection targets 16,17
 . In particular, it’s comparatively
high sensitivity, rapid detection time, and non-destructive analysis method, combined with the
increased accessibility of portable Raman spectroscopies, makes it ideal for various applications
in material sciences, biochemistry, and environmental science 18,19
 . However, a major problem in
many SERS applications is the selection of a highly efficient plasmonic enhancement substance

and the optimization of the detection substrate design. In particular, noble metals are the material
of choice for SERS platforms due to their desirable plasmonic properties, which allows them to
significantly enhance Raman signals when stimulated electromagnetically via localized surface
plasmon resonance (LSPR) 20
 . Specifically, interactions between the electron clouds of nanoscale
conductive particles and relatively larger electromagnetic waves results in the regular oscillation
of the particle’s electrons, creating an evanescent conduction band in which the electromagnetic
wave is trapped. This conduction band creates an amplification effect for many spectroscopic
methods measuring a substrate’s scattering properties, making it particularly useful in SERS
applications 21
 . Another limitation of many of the current SERS based opioid detecting devices is
that they have not been tested using real blood samples, which is an important step for verifying
the device’s performance in practical settings for detecting the drug use in people7,12,22. While
Shende et al. 13
 have tested the drugs in blood, their experimental detection limit is 0.5 μg/mL
which is too large for detecting trace amount.
Most research on suitable LSPR materials for SERS has been centered around gold due to
its relative biocompatibility 23–27
 . However, these advantages of gold come at the immensely
higher production costs. Furthermore, Ag has higher electrical and thermal conductivity, making
it a more efficient and cost-effective plasmonic material for use in spectroscopic enhancement,
and as a result it has been widely used for SERS based measurement [6,14–27]. Therefore, Ag is
a superior surface-coated noble metal for SERS sensor platforms. Popular SERS sensor platform
designs include the use of colloids nanospheres, nanorods and, or more complex 3D structures
such as arrays, nanotrees, nanoflowers, or even butterfly-inspired structures 34,42–44

. In particular,
the category of novel 3D designs has become a topic of interest due to their ability to increase the
platform surface area significantly, therefore allowing for a higher density of coated plasmonic

materials. This allows for “hotspots” of plasmonic enhancement, which allows for highly
reproducible, sensitive, and specific molecular sensing. Zinc oxide (ZnO) has emerged as a
popular platform synthesis material due to its biosafety, versatility and low-cost manufacturing.
In addition, its excellent optoelectronic and electrochemical properties have enabled various
sensing and biomedical engineering applications 45,46
 . ZnO array has been widely used to provide
the platform for SERS-based sensing of various substances as it offers a higher reproducibility
and stability 37
 , larger surface-to-volume ratio 29
 and a 3D platform 32
 .
In this study, we utilized a custom two-step hydrothermal growth and ultraviolet (UV)
irradiation protocol to synthesize Ag particles decorated ZnO arrays on a silicon chip. These
particles contribute to the local surface plasmonic effect and an increase in Ag SERS
enhancement “hotspots.” This chip has superior testing capability which can measure a low
oxycodone concentration of 90 ng/mL. Therefore, this chip design has enabled it to serve as a
portable, sensitive, and highly specific SERS sensor for the detection of dissolved opioid
substances which has the potential to be used in many healthcare applications in drug abuse.

Experimental
Materials and reagents
Zinc acetate ((CH3CO2)2Zn), 99.99%), zinc nitrate hexahydrate (Zn (NO3)2· 6H2O,
98.0%), hexamethylenetetramine (C6H12N4, HMTA, ≥ 99.0%), silver nitrate powder (AgNO3, ≥
99.0%) and 1 mg/mL oxycodone solution are purchased from Sigma Aldrich. Deionized (DI)
water is from a Milli-Q water ultrapure water purification system. The silicon wafer (<1 0 0>,
single-side-polished) is purchased from Wafer University. The oxycodone samples tested in this
work were purchased from Sigma Aldrich (item id O-002-1ML)

Chip fabrication
The fabrication process of the Ag particle decorated ZnO array chip is summarized as the
following. First, a piece of Si wafer is cut into an approximately 2 cm by 2 cm square and is
washed by deionized (DI) water and treated by oxygen plasma. Next, thermal treatment
decomposes zinc acetate into ZnO nanocrystals as seeds on the Si substrate for the following
synthesis of vertically aligned ZnO array. The vertically aligned ZnO array growth method is
adapted from previously reported experiments 47,48
 . Specifically, the substrate is covered by a
layer of 5 mM zinc acetate solution (in DI water) and then transferred into an oven at 180 °C for
40 min for thermal decomposition of the zinc acetate to create ZnO seeds on the substrate. Then,
zinc nitrate hexahydrate (75 mM) and HMTA (50 mM) are added to 45 mL of DI water followed
by sonication for 5 mins to provide the hydrothermal growth solution. Then, the seeded substrate
is then placed in the growth solution with the seeded side facing downward in a beaker which is
covered by aluminum foil and placed in an oven for 3 hours at a temperature of 88 °C. This
growth cycle with newly made growth solution is repeated 6 times to grow vertical ZnO wire of
~12 μm in height. Next, the chip is rinsed with DI water to remove ZnO residuals and dried in an
oven at 50 °C. Lastly, UV irradiation method is employed to generate the Ag particles on top of
the ZnO array. The fabricated chip is immersed in a 5 mM AgNO3 solution (in DI water) and
irradiated under a UV lamp (~30 W/m2 intensity) for one hour. The finished chip was then
washed with DI water to remove excess product and dried at room temperature. All reagents in
the synthesis were purchased from Sigma Aldrich.
SEM and EDS characterization
The Scanning electron microscopy (SEM) was performed on a FEI Helios 5CX dual
beam scanning electron microscope operating at 5 kV. The energy-dispersive X-ray

spectroscopic (EDS) measurements and the chemical mapping were performed with the SDD
X-ray detector (Ametek®) attached to the TESCAN Vega3 scanning electron microscope
operating at 30 kV.
Oxycodone detection using SERS measurement
The 1 mg/mL oxycodone solution was diluted into 500 μg/mL, 10 μg/mL, 1 μg/mL, and
100 ng/mL solutions. Each concentration had three replicates. Then ~5 μL of each sample was
pipetted onto the prepared silver particles decorated ZnO (Ag@ZnO) array substrates. A He-Ne
laser beam (power = 10 mW, wavelength = 532 nm) was focused onto the substrate through a
Raman spectrometer (Horiba labRAM Raman/AIST-NT AFM). The Raman signals of
oxycodone were collected by an air-cooled open electrode 1024 × 256 pixel CCD detector. A
standard silicon substrate was applied for calibration before all the measurements and its spectra
was used for background correction. For the blood sample oxycodone detection test,
de-identified patient serum samples were used, and they were obtained from
Dartmouth-Hitchcock Medical Center (Lebanon, NH, USA). All samples were handled
according to Dartmouth’s Environmental Health and Safety and BSL-2 protocols. The
oxycodone solution was added to the raw blood serum that was diluted 100 times with phosphate
buffered saline (PBS, Sigma Aldrich) in the serum samples to obtain 900 μg/mL, 90 μg/mL, 9
μg/mL, 900 ng/mL and 90 ng/mL. For each concentration, measurements at 5 different locations
selected randomly on the chip were carried out with point scan of the Raman spectroscopy. The
Raman measurement and parameters are identical to the previous test.

Results and Discussion
In this project, we designed and fabricated zinc oxide (ZnO) arrays on silicon (Si) wafers
for the label-free and sensitive detection of opioids. ZnO has become popular in biosensor
applications due to its excellent electrochemical and optoelectronic properties, low-cost
manufacturing, versatility, and relative eco-friendliness. In this study, we fabricated silver (Ag)
particles decorated ZnO arrays on silicon (Si) wafers and utilized them as portable, label-free,
and efficient surface-enhanced Raman spectroscopy (SERS)-based sensors. These chips were
fabricated via a three-step fabrication process containing a ZnO seeding, hydrothermal growth of
the vertically aligned ZnO array and a UV irradiation of the Ag particles. The summarized
fabrication process and the schematic of the silver particles decorated ZnO array (Ag@ZnO)
chip are depicted in Figure 1.

Figure 1. Schematic of the Ag@ZnO chip and its fabrication process.

The as-fabricated chip was then characterized by EDS (Figure 2). Figure 2A shows the
top view of the chip where Ag particles are distributed on the top surface of the ZnO rods.
Figure 2B is a zoom-in image that shows the hexagonal cross section of a ZnO rod with Ag
particles on the top surface. The Ag particles can also be seen on the side wall of ZnO rods as
shown in Figure 2C. From the SEM images, it is confirmed that Ag particles are placed on both
the top surface and the side wall of the ZnO array. The average width of the cross section of the
ZnO rod is approximately 2 ±0.3 µm, and the average size of the Ag particles is approximately
147 ±41 nm in diameter. Figure 2D shows the cross-section view of the chip, and the height is
approximately 14 µm. The EDS spectrum confirming the existence of the element Ag, Zn, O and
Si at their corresponding characteristic energy is shown in Figure 2E. The Ag element has its
characteristic energies at 2.98 and 3.15 keV; Zn element has the characteristic energy at 1.01 and
8.64 keV; O has its characteristic energy at 0.52 keV; Si’ characteristic energy is at 1.74 keV.
Figure 2F and G are the chemical mapping of the element Ag and Zn, respectively, in which Ag
comes from the Ag particles, and Zn from the ZnO array. It is confirmed that the vertical ZnO
rod and the Ag particles are uniformly distributed on the chip. In addition, Figure 2H is the
combined chemical mapping of both element Ag and Zn, indicating that the Ag particles are
uniformly distributed on the ZnO array. The Ag particle content in terms of atomic ratio and
weight ratio are 3.12% and 6.96%, respectively.

Figure 2. Material characterization of the Ag@ZnO chip. A. The SEM image of the top view of the chip.
B. A zoom-in image showing Ag particles on the top of a ZnO rod. C. A zoom-in image showing Ag

particles on the side wall of a ZnO rod. D. The cross-section view showing the vertically aligned ZnO

microarray. E. The x-ray energy spectrum of the chip showing elements Zn, O, Ag and Si. F. The EDS

chemical mapping of the element Ag and G. element Zn. H. The combined EDS mapping of elements Ag
and Zn confirming a relatively uniform dispersion of Ag particles on the ZnO microarray.

Prior to the experimental Raman tests, we simulated the localized surface plasmonic
resonance effect using a simplified model using finite element method (FEM) in COMSOL.
Figure 3A shows the schematic of the simulation model. There are two scenarios of the particle
placement. The first is a single Ag particle with 100 nm diameter that was positioned at the
center of a ZnO plate. The second is a pair of Ag particles of the different sizes, i.e., 50, 100 and
100 nm diameter, with an inter-particle distance of 50, 100 and 150 nm. We expected that a “hot
spot” where a strong localized enhancement occurs between the two particles according to
literature 36,37
 . The input excitation light was polarized along the long axis of the silver particle as
shown in the figure and the electrical field was aligned with the two particles in the second
scenario. Figure 3B shows the plot of the extinction cross-sections area, i.e., the sum of

scattering and absorption cross-section area, of the silver particle at different wavelengths from
450 nm to 700 nm. The value of the extinction cross-section area reflects the local plasmonic
enhancement effect of the particles. In the simulation, there are three pairs of Ag particles that
are 100 nm in diameter and with an inter-particle distance of 50, 100 and 150 nm. As shown in
the plot, the peaks of the extinction cross-section area for all particle arrangements fall in the
range of 500 – 550 nm (highlight be the grey area in Figure 3B), which correspond to the
localized plasmon resonance wavelength of these particle arrangements. It is shown that Ag
particle pairs induce a greater extinction cross-section area across the entire wavelength range
than the single Ag particle. This is explained by the “hot spot” effect that is created between two
Ag particles that are adjacent to each other with a short inter-particle distance. Figure 3C shows
the 2D and 3D simulation models of the localized surface plasmon enabled electrical field
enhancement (indicated by the color contour) of the Ag particles decorated on a ZnO platform
excited by a light of wavelength 540 nm. In this set of simulations, Ag particle pairs with 50, 100
and 150 nm particle diameter and 50, 100 and 150 nm inter-particle distance as well as a single
particle of 100 nm diameter are tested. In Figure 3C, when two Ag particles are closer to each
other, there will form a “hot spot” in the gap between them, as indicated by the enhanced
electrical field represented by the green, yellow and red color that bridges the two particles. On
the other hand, as the particles move farther apart from each other, the “hot spot” effect between
them diminishes and vanishes eventually. Yet, the electromagnetic enhancement effect can also
occur at a single Ag particle, as seen from all particle arrangements in the simulation, especially
the single Ag particle one and the ones with the Ag particle pairs farther apart (e.g., 150 nm
inter-particle distance). Therefore, even “lonely” Ag particles or ones that are very far apart from
each other can have an increased local plasmonic effect as a result of the electromagnetic

enhancement between the Ag particle and the ZnO platform. The plot in Figure 3D
quantitatively summarizes the simulation result. It is shown that the 100 nm diameter particles
have the greatest normalized extinction cross-section area or greatest enhancement effect than
the 50 and 150 nm diameter ones. Here, the normalized value is defined by the extinction
cross-section area divided by the total surface area of the particles. In addition, for the 100 nm
diameter cases, the particle pairs have a stronger enhancement effect than the single particle
scenario. It is shown that at the resonance wavelength of 550 nm, the light excited local electric
field has the greatest intensity compared to that of 470 and 650 nm wavelength. Further, we
observed that the highest intensity occurs at the Ag-ZnO interface for all cases and at the side of
the particles that is facing each other in two-particle cases from which a “hot spot” is created.
Overall, the simulation results demonstrated that a “hot spot” can occur when two Ag particles
are close to each other and that local enhancement can also occur between the Ag particle and
the ZnO substrate. In either case, the Ag particle shows the greatest intensity of the light-matter
interaction at its vicinity that can significantly enhance the Raman signal.

Figure 3. Simulation of the localized surface plasmon enabled electrical field enhancement of the Ag
particle decorated ZnO. A. The schematic of the model includes two scenarios: a single particle and a pair
of particles close to each other (i.e., a “hot spot”). B. The extinction cross-section area of the Ag
particle(s) of 100 nm in diameter in a wavelength range from 450 nm to 700 nm. The grey area highlights
the range of peaks of all particle arrangements. C. The simulated 3D model and the cross-sectional
mapping showing the electric intensity of the Ag particle(s) excited by an incident light of 440 nm
wavelength. The color bar represents electric field intensity. D. The normalized extinction cross-section
area of the Ag particle pairs with 50, 100 and 150 nm diameter and with a 50, 100 and 150 nm
inter-particle distance and of a single Ag particle excited by an incident light of 440 nm wavelength.

Additionally, we simulated the per-molecule enhancement of copper (Cu), aluminum
(Al), silver (Ag), and gold (Au) nanoparticles; these are the most commonly used noble metals in
plasmonic sensing50. The layout followed the optimal results shown in Figure 3 (i.e., 100 nm

diameter with a 100 nm interparticle distance). Figure 4 summarizes the maximum enhancement
per molecule at various input wavelengths. Enhancement per molecule was calculated via
normalized electric field norm (|E|), which describes the magnitude of the electric field generated
around each particle; this value is directly proportional to Raman enhancement per molecule. As
shown in Figure 4, the Ag nanoparticles exhibit their peak enhancement at a wavelength of 530
nm, the Au nanoparticles at 670 nm, and the Al and Cu nanoparticles at 720 nm. The Ag
nanoparticles show a maximum enhancement factor that is ~11 times that of the second highest
particle type, Au. This demonstrates the superiority of silver as the plasmonic material of choice
to functionalize our ZnO nanoforest sensor design.

Figure 4. Simulated per-molecule enhancement for 100 nm diameter nanoparticles composed of copper
(Cu), Silver (Ag), Aluminum (Al) and Gold (Au)

Next, in order to verify the viability of the chips’ opioid sensing function, a quick test
was performed on commercially available opioid-containing solutions before a more practical

and systematic clinical study using human blood. Specifically, we tested our device using a
solution containing oxycodone, a potent and commonly abused opioid, dissolved in methanol as
a quick feasibility study. Opioid-containing solutions at varying concentrations were tested using
the as-fabricated chip as a platform for label-free SERS-based detection of oxycodone whose
chemical structure is shown in  Figure 5A. 5 µL solutions containing oxycodone dissolved in
methanol were dropped onto the chip placed under the objective lens of a Raman spectrometer,
the substrate was exposed to a focused laser with a wavelength of 532 nm which is determined
from the simulation that shows a resonance at 550 - 560 nm where the simulated signal is at its
highest level (Figure 3B). Oxycodone concentrations of 500 µg/mL, 10 µg/mL, 1 µg/mL and
100 ng/mL showed the highest characteristic peaks in the Raman spectroscopy with a common
baseline at around 1360 cm-1 and 1590 cm-1 ( Figure 5B) which agree with the recently reported
values 49,50
 . The ~1360 cm-1 band is attributed to the stretching CC bond in ring C, the bending
CH bond, and the wagging CH2 bond in ring B, while the ~1590 cm-1 band is attributed to the
stretching CC bond in ring C, the wagging CH2 bond in ring B 51
 . In addition, pure methanol was
measured under the same test condition as a control group and showed no peaks at around 1360
cm-1 and 1590 cm-1 compared to the 100 ng/mL concentration of oxycodone as shown in  Figure
5C. Note that, for the 100 ng/mL oxycodone solution, although signal noise is present due to a
low intensity of signal, the 1360 cm-1 and 1590 cm-1 peaks are still distinguishable. Furthermore,
the signal intensity of the Raman spectroscopy for both peaks are plotted at each of the
oxycodone concentrations ( Figure 5D). It is shown that the Raman signal intensity increases as
oxycodone concentration increases, and it is a near-linear relationship in the logarithmic scale
plot as indicated by the linear fit curve with an R2 value being 0.957 and 0.938 for the 1360 cm-1
and 1590 cm-1 characteristic peaks, respectively. All these Raman curves for different

concentrations share the same Raman shift locations for each of the corresponding peaks,
proving the excellent repeatability of the test on the Ag@ZnO chip. From this test, it is
demonstrated that the Ag@ZnO chips could provide a high-throughput method for mapping
remarkably detailed patterns of oxycodone to a large range of concentration from 500 µg/mL to
100 ng/mL, thereby leading to the next more practical, clinical trial using human blood serum.

Figure 5. Measured SERS signal for varying oxycodone concentrations. A. The chemical structure of

oxycodone. B. The SERS signal from tested oxycodone solutions with oxycodone concentrations of 500
µg/mL,10 µg/mL, 1 µg/mL, and 100 ng/mL, and pure methanol with a common baseline. C. Comparison

of the SERS peaks of the 100 ng/mL oxycodone solution and the pure methanol. D. The signal intensity of
the Raman spectroscopy of the 1360 nm peak and the 1590 nm peak showing a near-linear relationship
with the oxycodone concentration in the logarithmic scale plot.

Lastly, after the viability of the chips’ opioid sensing function was verified through a
quick proof-of-concept test using commercially available opioid-containing solution, we
performed a more practical clinical study using human blood serum samples. Specifically, we
tested our Ag@ZnO array chip with serum samples containing oxycodone with five different
concentrations, that is, 900 µg/mL, 90 µg/mL, 9 µg/mL 900 ng/mL and 90 ng/mL. The
preparation of the serum sample and the experimental method are detailed in the Experimental
section. Like the previous test, these samples were tested using the as-fabricated chip as a
platform for label-free SERS-based technique, and the same Raman settings and parameters were
used for this test.  Figure 6A – E shows the Raman signal spectrum for each oxycodone
concentration of 900 µg/mL, 90 µg/mL, 9 µg/mL, 900 ng/mL and 90 ng/mL, respectively. All
spectrums show the highest characteristic peaks at around 1360 cm-1 and 1590 cm-1 which agree
with the previous test (Figure 5B) and recently reported values 49,50
 . Again, the ~1360 cm-1 band
is attributed to the stretching C-C bond in ring C, the bending C-H bond, and the wagging -CH2
bond in ring B, while the ~1590 cm-1 band is attributed to the stretching C-C bond in ring C, the
wagging -CH2 bond in ring B of the oxycodone molecule 51
 . It is worth noting that even the
lowest oxycodone concentration, 90 ng/mL, clearly shows the distinctive characteristic peaks,
demonstrating a superb detection ability at his low concentration which is on the same level of
the lowest concentration reported by literature using immunoassay and GC-MS method (i.e. 10
ng/mL) 4,52
 . Yet, compared with these two testing strategies, the testing method presented in this
work using SERS technique with the Ag@ZnO nanochip is less laborious, time-consuming, and
expensive. From applying the serum sample to the chip to reading a reliable, meaningful result, it
only takes less than 10 minutes. Further, the Raman signal from each oxycodone concentration is
summarized in  Figure 6F with a common baseline for comparison purpose. All Raman

spectrums share the same 1360 cm-1 and 1590 cm-1 characteristic peaks of oxycodone and their
signal intensity decreases as the oxycodone concentration decreases. To show the relationship
between the signal strength and the concentration, the intensity of the Raman spectroscopy of at
1360 cm-1 and 1590 cm-1 characteristic peaks are plotted at each of the oxycodone concentrations
( Figure 6G and H). For both peaks, the Raman signal intensity increases as oxycodone
concentration increases and the linear regression model show a positive linear relationship
between the oxycodone concentration and the signal intensity (in the logarithmic scale plot) with
an R2 being 0.959 and 0.968 for the 1360 cm-1 and 1590 cm-1 characteristic peaks, respectively,
exhibiting a good sensitivity of this detection technique. From this test with blood serum
samples, it is demonstrated that the Ag@ZnO chips and the SERS technique could provide a
high-throughput method for detecting the opiate substance oxycodone by identifying its
characteristic peaks for a large range of concentrations (from 900 µg/mL to 90 ng/mL) and with
excellent accuracy and sensitivity.

Figure 6. SERS signal from the five blood serum samples with different oxycodone concentrations. The

individual SERS signal with oxycodone concentrations of A. 900 µg/mL, B. 90 µg/mL, C. 9 µg/mL, D.

900 ng/mL and E. 90 ng/mL with error bars (the shaded area). F. Comparison of the SERS signals of all
oxycodone concentrations with a common baseline. G. The signal intensity versus oxycodone

concentrations at the characteristic peaks at 1360 cm-1 and H. 1590 cm-1 (error bars represent standard
deviation of data points).

The SERS based enhancement is attributed primarily to two underlying mechanisms,
namely, the electromagnetic mechanism and the chemical mechanism. The former is associated
with the localized surface plasmonic resonance and the resulting enhanced electric field and

light-matter interaction. The latter is based on the resonance of the incident photon energy and
charge transfers. The electromagnetic mechanism is believed to be the dominating mechanism as
its enhancement is several orders of magnitude larger than that of the chemical mechanism 35
 .
Furthermore, in this work, there are a number of factors that determine the magnitude of the
SERS enhancement including the intrinsic properties of the decorated Ag particles and ZnO, the
size of the particles and the interparticle distance. The gap between two Ag particles will create
“hot spots” which contribute to a significant SERS enhancement and it is believed that the shorter
the interparticle distance, the larger the enhancement 37
 . In our experiment, the Ag particles are
randomly distributed on the ZnO surface with interparticle distances in the nanometer or
micrometer scale. Further enhancement can be achieved by increasing the density of the decorated
Ag particles or rationally patterning. Also, by using a filter of the Raman spectroscopy in the
future that allows for higher power from the laser, we can expect enhanced signals and can find
the detection limit of the concentration of oxycodone which is believed to be well below 90
ng/mL.

Conclusion
We demonstrated Ag decorated ZnO arrays chip, using a facile two-step fabrication
strategy, for the SERS detection of opioids. Our results demonstrate that this design allows for a
large SERS detection range for opioids concentrations, from 900 µg/mL to 90 ng/mL, with
remarkable accuracy and sensibility. This is due to the plasmonic signal enhancement caused by
the Ag particles scattered across a ZnO array scaffolding. We verified such amplification
observed in experiments using the FEM simulation. Our detection method is label-free and

portable, which holds great promise to be an effective point-of-care and solution for sensitive,
high-throughput and low-cost drug abuse detection especially for opiate substances.
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