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ABSTRACT: A pragmatic method to deposit silver nano-
particles on polydopamine-coated nanoimprinted pillars for
use as surface-enhanced Raman scattering (SERS) substrates
was developed. Pillar arrays consisting of poly(methyl
methacrylate) (PMMA) that ranged in diameter from 300 to
500 nm were fabricated using nanoimprint lithography. The
arrays had periodicities from 0.6 to 4.0 μm. A polydopamine
layer was coated on the pillars in order to facilitate the
reduction of silver ions to create silver nucleation sites during
the electroless deposition of sliver nanoparticles. The size and
density of silver nanoparticles were controlled by adjusting the growth time for the optimization of the SERS performance. The
size of the surface-adhered nanoparticles ranged between 75 and 175 nm, and the average particle density was ∼30 particles per
μm2. These functionalized arrays had a high sensitivity and excellent signal reproducibility for the SERS-based detection of 4-
methoxybenzoic acid. The substrates were also able to allow the SERS-based differentiation of three types of bacteriophages (λ,
T3, and T7).

KEYWORDS: surface-enhanced Raman scattering, silver nanoparticle, pillar array, nanoimprint lithography,
bacteriophage discrimination

■ INTRODUCTION

Nanostructures of gold and silver can generate localized surface
plasmon resonances and greatly enhance an electromagnetic
field, providing excellent surface-enhanced Raman scattering
(SERS) capacity.1−3 Due to its high sensitivity for the detection
of chemical and biological agents,4−6 SERS has gained
increased attention as a powerful analytical technique for the
detection of a single molecule.2,7 The strong signal enhance-
ment is attributed to the formation of hotspots at nanogaps
(<10 nm) or interstitial junctions between metallic nanostruc-
tures.8 To date, most research has focused on the fabrication of
high surface area SERS substrates with an increased density of
hotspots in order to improve SERS sensitivity.9−11 For example,
using sputtered silver to abridge a gold pillar tip spacing12 and
silver nanoislands on glass nanopillars were demonstrated to
significantly enhance a SERS signal.13 Additionally, electrospun
titanium dioxide nanofibers coated with silver nanoparticles
(AgNPs) have also been shown to be sensitive SERS
substrates.14,15 Although these above-mentioned SERS sub-
strates are highly sensitive, are reproducible, and have site-
independent hotspots, their fabrication is complicated and not
cost-effective. Therefore, there is a compelling need to rapidly
fabricate an inexpensive, highly sensitive, and reproducible
SERS substrate as a chemical and biochemical sensing platform.

Since the initial report of mussel-inspired surface chemistry
to prepare multifunctional coatings,16 poly(dopamine) (PDA)
coatings have become a powerful tool for the development of
functional patterns of cells, proteins, and metal nano-
particles.17−20 PDA has the ability to be coated on almost all
types of organic and inorganic substrates, and it is
biocompatible with biomolecules.21 The catechol, amine, and
imide groups on the surface of PDA can reduce silver ions and
bind AgNPs, creating a functional layer for SERS, antibacterial,
and catalytic applications.21−26 The mild reducing conditions
for the conversion of noble metal ions into metallic
nanoparticles allow for the uniform deposition of AgNPs on
the PDA surface, and these surfaces yield reproducible Raman
spectra. The size and morphology of AgNPs can be controlled
to optimize the SERS performance. Therefore, PDA has shown
potential for the fabrication of reproducible and sensitive SERS
substrates.
Herein, we demonstrate a simple, rapid, and effective method

to uniformly deposit AgNPs on pillar substrates for SERS
analysis. To accomplish this, poly(methyl methacrylate) pillar
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arrays on silicon substrates were prepared using thermal
nanoimprint lithography (NIL).27,28 Compared to a planar
surface, pillars, which are high surface area structured
substrates, offer a higher density of hotspots and a greater
number of binding sites for molecules.29 The fabrication of the
pillar structures can readily be scaled up on flexible substrates
using a continuous roll-to-roll NIL system, providing an
opportunity for low-cost and high-volume manufacturing.30

After preparation of the pillar arrays, PDA was self-assembled
on the pillars and facilitated the reduction of silver ions into
AgNPs as seeds for growth of AgNPs. The AgNP growth time
was optimized to control their size and density, creating a large
number of hotspots to generate strong SERS signals. The
AgNP-decorated pillar SERS substrates were employed in the
label-free detection and discrimination of bacteriophages,
demonstrating a promising SERS application for virus
detection.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Silver nitrate, hydrogen peroxide

(30%), and anisole were purchased from Acros Organics (Morris
Plains, NJ). Tris base, sulfuric acid, and ethylenediaminetetraacetic
acid (EDTA) were purchased from Fisher Scientific (Fair Lawn, NJ).
Poly(methyl methacrylate) (PMMA, Mw = 100 000), 4-methoxyben-
zoic acid (4-MBA), dopamine hydrochloride, and catechol were
purchased from Sigma-Aldrich (Saint Louis, MO). A thermally cross-
linkable polydimethylsiloxane formulation, Sylgard 184 elastomer
mixture kit, was purchased from Fisher Scientific (Fair Lawn, NJ), and
the cured form of this resin will be referred to in this manuscript
simply as PDMS. Silicon wafers (5 in., n-type, As-doped, [100]) were
purchased from El-Cat, Inc. All chemicals were reagent-grade and used
as received.
Instrumentation. Thermal nanoimprint lithography was per-

formed on a Nanonex NX-2000 Nanoimprintor (Nanonex, Princeton,
NJ). The surface morphologies of fabricated pillar substrates were
characterized using a FEI scanning electron microscope (SEM,
Hillsboro, OR) with current of 13 pA and voltage of 1 kV. The
surface-enhanced Raman spectroscopic (SERS) studies were per-
formed using a Thermo Scientific DXR Raman Spectro-microscope
(Madison, WI) with a 780 nm laser source. The measurements were
performed under the following conditions: 10× objective, 3.1 μm spot
diameter, 5 mW laser power, 2 s, and 25 μm slit width for 4-MBA; and
50× objective, 1 μm spot diameter, 1 mW laser power, 2 s, and 50 μm
slit width for bacteriophages. In this study, a minimum of 10 spots on
each sample were randomly measured with a range of 400−2000 cm−1.
The Raman spectra were analyzed using Thermo Scientific TQ Analyst
software (version 8.0). The average SERS intensities were calculated
from at least three independent samples.
Fabrication of PMMA Pillars. PDMS daughter molds were

replicated from silicon masters with varying pillar array patterns
(diameter of 300−500 nm, period of 0.6−4 μm, and height of 500
nm). Briefly, a PDMS elastomer mixture (10:1 weight ratio of Sylgard
184 silicone elastomer base and curing agent) was poured on top of
the silicon master mold and cured at 60 °C for 8 h. After curing, the
PDMS mold was peeled from the silicon master.
The PMMA pillars were prepared using thermal nanoimprint

lithography (NIL). The silicon wafer substrates were sonicated in
ethanol and acetone for 5 min, immersed into piranha solution
(mixture of sulfuric acid and hydrogen peroxide (30%) at 3:1 in
volume) for 2 h at 70 °C, washed with deionized (DI) water, and dried
under nitrogen gas. A solution of PMMA in anisole (8.0 wt %) was
spin-coated on the cleaned wafers at 3000 rpm for 60 s and baked at
100 °C for 30 min. The thickness of the PMMA layer was ∼260 nm.
The PDMS molds were imprinted into the PMMA layer using the
nanoimprintor under a pressure of 2069 kPa at 120 °C for 2 min.
Depositing of Silver Nanoparticle Seeds on Polydopamine

Coating. A thin polydopamine layer was self-polymerized on the
PMMA pillars using previously described methods.16,21 Accordingly,

the nanoimprinted pillars were immersed into a dopamine solution
(0.5 mg mL−1 in 10 mM Tris buffer, pH 8.5) with gentle agitation at
room temperature for 2 h. The pillars were rinsed with DI water and
dried under nitrogen gas. A layer of AgNPs seeds was formed on the
polydopamine-coated pillars by submerging the substrates into silver
nitrate solution (50 mM) with gentle agitation at room temperature.
After 3 h, the substrates were washed with DI water and dried with
nitrogen gas.

Growth of Silver Nanoparticles. The silver-plating solution was
prepared according to the reported method with slight modifications.23

Silver nitrate (40 mg) was dissolved in 10 mL of DI water. EDTA
solution (0.5 M, 10 mL, pH 7.0) was deposited dropwise into the
silver nitrate solution until it became clear. The pillar substrates were
then immersed into the silver-plating solution, and 20 μL of a catechol
solution (50 mg mL−1) was added immediately. After allowing time for
the reduction of silver ions (10−120 min), the wafers were washed
with DI water and dried under nitrogen gas.

Discrimination of Bacteriophages. Bacteriophages (phages) are
viruses that can infect and replicate within specific bacteria resulting in
bacteria lysis. The seed phages were added to 10 mL of E. coli BL21
cultures (OD600 = ∼0.6) and incubated until the solutions became
clear. The solution was then centrifuged at 8 000 × g for 10 min to
remove bacterial debris. The supernatant was centrifuged and washed
two additional times at 35 000 × g for 2 h to purify the phages. The
bacteriophage titer was determined using standard plaque assay.31−33

For this study, three phages (λ, T3, and T7) were characterized on the
SERS substrate. The SERS substrate (pillar-7) was then incubated in
the purified phage solutions at a concentration of 106 PFU mL−1 for 1
h, which allowed the phage to bind to AgNPs prior to recording the
SERS spectra.

■ RESULTS AND DISCUSSION

The growth of AgNPs on pillars is illustrated in Figure 1. The
procedure started with using NIL to create PMMA pillars on

Figure 1. Schematic illustration of steps taken to fabricate SERS
substrates consisting of silver nanoparticle decorated on pillars: (i)
nanoimprinting of PMMA pillars; (ii) coating of poly(dopamine)
layer; (iii) deposition of silver nanoparticle seeds; and (iv) growth of
silver nanoparticles.
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clean silicon wafer using a PDMS mold. These pillars were
treated with dopamine in an alkaline pH environment, resulting
in dopamine polymerization on the surface of the PMMA
pillars.16 By varying the reaction time, the thickness of self-
polymerized polydopamine was controlled.21,34 The multifunc-
tional groups presented by the polydopamine-coated surface
can be utilized to reduce silver ions into a seed layer of
AgNPs.35,36 The AgNPs were ripened by placing the seeded
substrates in a silver-plating solution in the presence of a
reducing agent. The final size and density of AgNPs on the
pillar substrates were optimized by controlling the growth time
as confirmed by SERS performance.
To investigate the effect of growth time on the size and

density of AgNPs, planar PMMA-coated surfaces were used as a
model. These flat substrates provide samples that are relatively
easy to characterize by SEM and present no additional
topological constraints. After coating with polydopamine, the
substrates were incubated in a silver nitrate solution for 3 h.
This resulted in the formation of a sparsely populated layer of
AgNP seeds (Figure 2a) with a diameter and density of 68 ± 9
nm and 30 ± 1 per μm2, respectively. Because of the small size
and low density of AgNPs, the substrate gave a weak SERS
response. To increase the density size of the AgNPs, the seeded
substrates were placed into a silver-plating solution for varying
times (10, 20, 30, 40, and 120 min). The representative SEM
images of the samples following particle growth are shown in
Figure 2b−f. The size and density of the AgNPs at different

growth times were calculated based on 100 AgNPs selected
randomly on the SEM images. Additionally, the size
distributions of AgNPs at each growth time were analyzed to
determine the uniformity of the surface (Figure S1). As shown
in Figure 2g, the diameter of AgNPs increased with additional
growth time. Meanwhile, the density of AgNPs was initially
constant but increased following 20 min of incubation. Small
AgNP nuclei appeared at 30 munities, resulting in the higher
density of AgNPs. After plating for 2 h, a bright brown AgNP
film with larger AgNPs can be observed, and it became
impractical to count the number of AgNPs.
To investigate the effect of growth time on the SERS

performance, 4-MBA was selected for SERS detection. The
different substrates were incubated in 4-MBA ethanol solutions
at a concentration of 10−4 M for 2 h and then washed with
ethanol to remove any unbound 4-MBA. After drying at room
temperature, the SERS spectra were taken for the substrates
prepared at different growth times (Figure 2h). The distinct
Raman peaks of 4-MBA located at 1588, 1178, 1130, and 1076
cm−1 were consistent with previous reports.37,38 The weak
Raman peaks at 1178 and 1130 cm−1 were attributed to δ(C−
H) deformation modes. Other vibrational modes including
ν(C−C) ring stretching (1588 cm−1) and ν(C−C) ring
breathing (1076 cm−1) were also observed.38,39 The peak
intensities at 1588 and 1076 cm−1 were plotted as a function of
growth time (Figure 2h, inset). Substrates grown for 30 min
gave the highest Raman intensities at peaks of the referenced

Figure 2. SEM images of AgNPs grown from planar surfaces at different growth times: (a) AgNP seeds, (b) 10 min, (c) 20 min, (d) 30 min, (e) 40
min, and (f) 120 min. (The scale bar represents 1 μm.) (g) Plots of the size and density of AgNPs on the planar surfaces as a function of growth
time. (h) SERS spectra of 4-MBA at a concentration of 10−4 M on the planar surfaces that were prepared using different growth times (inset shows
the relationship between growth time and Raman intensity at 1588 and 1076 cm−1).
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peaks, which suggested that optimal SERS performance is
related to an appropriate size and density of AgNPs on the
substrate. The growth in silver-plating solution for 30 min
resulted in an AgNP with size of 135 ± 21 nm and density of
32 ± 1 per μm2.
Next, pillar textured substrates were examined first using the

substrate labeled pillar-2 (pillar diameter, D = 0.40 μm;
periodicity, P = 1.25 μm; and height, H = 0.50 μm). The PDA
coating and subsequent AgNP growth was accomplished as
described earlier for the planar substrates. The data suggested
that a growth time of 30 min resulted in the optimal SERS
signal (Figure S2). Hence, a growth time of 30 min was
selected for further fabrication of AgNP-decorated pillars for
subsequent SERS measurements.
The AgNP-coated pillar substrates listed in Figure 3b were

fabricated using the same fabrication procedures and AgNP
growth time as the planar substrates. The SEM images of these
substrates are shown in Figure 3c−j. SEM analysis revealed that
the size and density of AgNPs on these pillar surfaces were
comparable to those formed on planar surfaces. The SERS

spectra of these pillar substrates are shown in Figure 3k. The
peaks at 1588, 1178, 1130, and 1076 cm−1 were also observed,
which was consistent with the observations made using the
planar substrates. The Raman intensities of the pillar substrates
were normalized using the planar surface substrate as control at
1588 and 1076 cm−1. To further determine the effect of pillar
diameter and period on Raman intensity, the normalized SERS
intensities at 1588 and 1076 cm−1 were plotted with respect to
normalized surface area. As shown in Figure 3l, the SERS
intensity increased with the increase of normalized surface area.
After comparing these pillar substrates, sample pillar-7 showed
the best SERS performance and was selected as the substrate
for further experiments. This conclusion can also be obtained
from the relationship between the normalized SERS intensity
and the normalized surface area at 1076 cm−1.
It is clear that the strong enhancement came from the

hotspots at nanogaps or interstitial junctions between the
AgNPs. The Raman enhancement factor (EF) of our fabricated
pillar-7 substrate was calculated using the reported method
(see details in Supporting Information).40 Although the Raman

Figure 3. (a) Schematic illustration of surface pillars (D, diameter; P, period; and H, height). (b) List of different pillar samples. SEM images of
AgNPs after growth for 30 min on (c) planar surface, (d) pillar-1, (e) pillar-2, (f) pillar-3, (g) pillar-4, (h) pillar-5, (i) pillar-6, and (j) pillar-7. (The
scale bar represents 1 μm.) (k) SERS spectra of 4-MBA (10−4 M) absorbed on eight kinds of pillars, and (l) plot of normalized intensity versus
normalized surface area of different pillars at (top) 1588 cm−1 and (bottom) 1076 cm−1.
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EF (1.4 × 105) of pillar-7 substrate was smaller than high-active
SERS substrates, our approach to fabricate this SERS substrate
was rapid, simple, and effective. Furthermore, the Raman
enhancement of our pillar-7 was simulated using finite element
analysis (FEA; Figure 4). As shown in Figure 4c, strong electric
field spots were obtained, indicating the increase of hotspots.
It has been reported that the uniform distribution and

deposition of AgNPs on pillar substrates contributes to good
reproducibility of SERS spectra.21,40,41 To evaluate the
reproducibility of pillar-7, the pillar substrate was incubated
in a 4-MBA ethanol solution (10−4 M) for 2 h. Fifty spots were
randomly selected from a large area with a dimension of 800
μm in length and 500 μm in width (Figure 5a). The SERS
spectra from 50 randomly selected spots were recorded (Figure
5a, b). To quantify and clarify the reproducibility of our
substrates, the relative standard deviations (RSDs) of Raman
intensities at 1588 and 1076 cm−1 peaks were calculated to be
7.83% and 7.69%, respectively (Figure 5c). The RSD values at
both measurement points were smaller than 8.00%, revealing a
very good uniformity and reproducibility across the whole pillar
substrate. On the basis of the reported studies, these SERS

substrates were stable at ambient conditions.42 The SERS
spectra of 4-MBA at a range of concentrations from 10−4 M to
10−10 M were recorded. As shown in the inset of Figure 5d, this
pillar substrate can be applied to detect 4-MBA with a
concentration as low as 10−9 M (Figure S3).
A bacteriophage (also called phage) is a virus that infects and

replicates within a host bacterial cell and can eventually kill the
bacteria.43,44 Because of the infection, phages have been used to
control and test foodborne bacterial pathogens.44−46 The
discrimination and detection of several pathogens using SERS
have previously been reported,47−49 and the high reproduci-
bility of the pillar substrates allowed them to be used in this
complicated sensing application. In this study, we examined
three types of phages with different sizes and surface
compositions, which can infect and lead to the lysis of
Escherichia coli. Phage λ has an icosahedral head of 50−60 nm
in diameter and a long noncontractile tail of 150 nm.50 Phage
T3 and phage T7 have similar morphologies, a short
noncontractile tail virus with 55 nm head in diameter and
28.5 nm tail.51,52

Figure 4. Electromagnetic near-field enhancement simulating results using FEA analysis at the excitation laser wavelength (780 nm): (a)
nanoimprinted pillar, (b) PDA-coated pillar, and (c) AgNP-deposited pillar.

Figure 5. (a) Mapping image of 50 spots randomly selected on sample pillar-7. (b) Collective SERS spectra of 4-MBA (10−4 M) for all 50 spots. (c)
SERS intensity distribution of the peaks at 1588 and 1076 cm−1 (the solid line indicates the average of intensity, and the dashed line represents ±
standard deviation intensity variation). (d) SERS spectra of 4-MBA at varying concentrations from 10−4 to 10−10 M (the inset is the relationship
between Raman intensity at 1588 and 1076 cm−1 and the concentration of 4-MBA).
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Compared to bacterial cells (size = 2−5 μm), phages with
50−200 nm length were able to better locate among AgNPs to
ensure the strong SERS intensity. A solution of each phage (106

PFU mL−1) was measured on the pillar-7 substrate. The
second derivative spectra of the three phages are shown in
Figure 6a, serving as fingerprints for differentiation and
detection of phages. The phage SERS spectra shared some
common spectral features; however, noticeable differences did
appear in the spectra, which are marked using dotted line and
colored circles in Figure 6a. The principal components analysis
(PCA) can reduce a multidimensional data set and retain its
most dominant features. The variance between different classes
and within a class can also be obtained from the PCA plot.
Here, the PCA was used to investigate the differences of these
phage spectra.53 The PCA result shows the clusterings of
different sample data can be clearly separated, indicating that
the SERS method can effectively discriminate these different
phages (Figure 6b). To our knowledge, this is the first report to
distinguish bacteriophages using SERS spectra as fingerprints.54

These AgNP-decorated pillar substrates have great potential to
be applied in a SERS-based detection in food safety, clinic
diagnostics, and environmental monitoring.

■ CONCLUSIONS
We have demonstrated a rapid, simple, and effective approach
to fabricate substrates containing pillars decorated with silver
nanoparticles (AgNPs) that show excellent SERS performance.
The AgNPs were uniformly dispersed, and both the size and
density of the nanoparticles was tunable, creating numerous
hotspots. These substrates provided excellent signal reprodu-
cibility (RSD < 8.00%) and a limit of detection for 4-MBA as
low as 10−9 M. Moreover, the pillar-structured label-free SERS
substrate was successfully applied for the detection and
discrimination of three types of bacteriophages. This improved
approach could open a new avenue to prepare a low-cost, fast,
and simple platform for efficient SERS-based detection and
differentiation of chemical and biological agents.
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