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ABSTRACT: A three-dimensional (3D) biomimetic SERS substrate with
hierarchical nanogaps was formed on the bioscaffold arrays of cicada wings
by one-step and reagents-free ion-sputtering techniques. This approach
requires a minimal fabrication effort and cost and offers Ag nanoislands
and Ag nanoflowers with four types of nanogaps (<10 nm) on the chitin
nanopillars to generate a high density of hotspots (∼2000/μm2). The 3D
biomimetic substrate shows a low detection limit to Rhodamine 6G
(10−13 M), high average enhancement factor (EF, 5.8 × 107), excellent
signal uniformity (5.4%), good stability, and suitability in biosensing.
Furthermore, the finite-difference time-domain (FDTD) electric-field-
distribution simulations illustrate that the 3D biomimetic SERS substrate
provides the high-density hotspot area within a detection volumem,
resulting in enormous SERS enhancement. In addition, the conspicuous
far-field plasmon resonance peaks were not found to be a strong
requirement for a high EF in 3D biomimetic substrates. Additionally, the novel substrate was applied in label-free animal viruses
detection and differentiation with small amounts (1.0 μL) and low concentrations of analyte (1 × 103 PFU/mL), and it exhibited
potential as an effective SERS platform for virus detection and sensing.
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■ INTRODUCTION

Surface-enhanced Raman scattering (SERS) is the phenomen-
on whereby Raman signals are strongly increased when
molecules are attached to nanorough metallic structures.1

With its integration of high sensitivity, rapid response,
noninvasive analysis, and fingerprint effect,2−5 SERS spectros-
copy has become one of the most vibrant analytical tools for
chemical and biological sensing. It has been established that
large SERS enhancements are normally associated with the
enormously intensified electromagnetic (EM) fields at hotspots
created by the strong coupling of localized surface plasmon
resonances (LSPR) at interstitial junctions or nanogaps
between metallic nanostructures.6 To date, a great deal of
effort has been devoted to the development of SERS substrates
having the desired density, sensitivity, and reproducibility of
hotspots within diverse plasmonic structures to give the
strongest possible SERS signal.7 However, achieving a large-
scale fabrication of SERS substrates with a high density of
hotspots by straightforward and cost-effective routes still
remains a challenge, thus limiting the widespread adoption of
SERS as a general sensing technique.
General approaches to fabricating one-dimensional (1D)

nanogaps for SERS hotspots are based on the aggregation of

colloidal plasmonic nanoparticles (NPs), where these hotspots
are random in dimension, quantity, and location by nature.8

Other conventional methods for generating two-dimensional
(2D) nanogap structures with vertical homogeneity and
suitable reproducibility mainly include lithography techni-
ques,9,10 Langmuir−Blodgett assembly,11 and nanoparticle
self-assembly.12−14 These planar substrates, however, remain
modest in sensitivity because of the limited concentration of
hotspots available within the detection volume.15 In contrast,
three-dimensional (3D) substrates offer the advantage of a
greater number of hotspots and binding sites for probing
molecules within the laser footprint.16 Emerging 3D SERS
substrates have been fabricated by 3D assembly17,18 as well as
by decorating noble-metal NPs onto nanoscaffolds, including
nanocanals,19 nanowires,20 nanopillars,21,22 nanorods,23,24 and
carbon nanotube7,25 arrays. Nevertheless, the indispensable
preparations of these scaffolds are cumbersome and time-
consuming, thus increasing the cost of fabrication and the
difficulty of accessibility. Recently, Stoddart et al.26 and Garrett

Received: October 14, 2013
Accepted: December 20, 2013
Published: December 20, 2013

Research Article

www.acsami.org

© 2013 American Chemical Society 6281 dx.doi.org/10.1021/am4045212 | ACS Appl. Mater. Interfaces 2014, 6, 6281−6289

www.acsami.org


et al.27 proposed an alternative manufacturing technique,
biomimetic SERS substrates based on the chitin bioscaffold,
to explore an interesting approach to fabricate SERS substrates.
Despite the attractivity of the bioscaffolds, these available
biomimetic SERS substrates are still confined to 2D structures
and remain to be further rationally designed for the expansion
of their expected potential.
In this work, we report a novel 3D biomimetic SERS

substrate with a high density of hotspots, dependable
performance, and good reproducibility based on naturally
occurring nanostructures. The chitin nanopillar arrays (CNAs)
on the cicada (Cryptotympana atrata Fabricius), which is a
widespread insect that can be artificially cultured, provide a new
bioscaffold for decorating with Ag NPs in different dimensions
to realize a 3D SERS substrate with multiple sub 10 nm
nanogaps by direct-current (dc) ion sputtering. Through this
simple physical vapor deposition (PVD) technique without
using any reagents, we have elaborately created and regulated
hierarchical nanostructures on the CNAs with Ag nanoislands
(Ag-NIs) on the side surfaces and Ag nanoflowers (Ag-NFs) on
the top ends. Moreover, both experimental spectra and
simulation of electric-field distributions confirmed that the
3D nanogeometries with plentiful nanogaps (<10 nm) could
generate large SERS enhancements under incident light.21 To
validate further its performance and to explore its potential in
practical application, the novel SERS substrate was employed in
the label-free detection and differentiation of animal viruses,
including porcine circovirus type 2 (PCV2), porcine
pseudorabies virus (PRV), and avian influenza virus (AVI)
subtype H5N1, which made it a promising candidate for
creating a rapid pathogen-monitoring platform for use in
biosensing.

■ RESULTS AND DISCUSSION
The fabrication procedure for 3D Ag-decorated CNAs is
illustrated in Figure 1. Briefly, the cicada wings were segmented
into small sections after being ultrasonically cleaned. Prior to
sputtering, as-pretreated sections were fixed on glass slides as
bioscaffolds. Finally, Ag-NPs were decorated onto the natural
bioscaffolds by top-view dc ion sputtering. It is worth noting
that this clean and green dc sputtering technique23 could give
rise to 3D biomimetic substrates with four types of nanogaps
on both the side surfaces and the top ends of the CNAs.
Furthermore, the physical sputtering strategy could avoid
unnecessary, cumbersome stages in chemical surface mod-
ification and coupling that link the metal NPs onto the
nanoscaffold but probably cause extra interferential bands in the
SERS measurements.23 In particular, the one-step decoration
allows the batch conversion of raw materials into 3D
biomimetic substrates in less than 1 h (Figure S1), thereby
improving productivity significantly in substrates fabrication. In
addition, well-veined, transparent membranous wings of the
cicada with a typical length of about 50 mm (Figure S2) have
been deemed to be low-cost and seasonally abundant
bioscaffolds for SERS work.26,28 When compared with glass,21

gold,29 silicon30 nanopillar, and ZnO23 nanorod arrays, our
study can achieve cost-effective (<$1/piece) and straightfor-
ward fabrication of substrates by utilizing CNAs directly as
bioscaffolds, and it can increase dramatically substrates
affordability and can even improve the SERS EF by at least
one order of magnitude compared to the common commercial
SERS substrate (Klarite) produced with lithographic techni-
ques.

For protecting CNAs from damage during sputtering, we
rationally decorated quasi-periodic CNAs with Ag NPs by dc
sputtering using a 1 min duration followed by a 1 min break.
Significantly, the SEM results (Figure S3) indicate that
intermittent Ag sputtering could create more Ag-NIs than
persistent sputtering under the same conditions, resulting in a
7-fold enhancement in the SERS signal of Rhodamine 6G
(R6G, 1 μM) at the 1650 cm−1 shift (Figure 2). By adjusting

the ion current and vacuum during sputtering (Figure S3), the
Ag-NIs and Ag-NFs with different Ag thickness could be
formed simultaneously on the side surfaces and top ends of
CNAs. In this case, a thin Ag NPs layer was formed in the
fashion of Ag-NIs and Ag-NFs owing to the Volmer−Weber
(VW) growth mode, leading to the formation of 3D adatom
clusters or islands along with their coarsening on the substrate
surface.31,32 On the basis of a recent study concerning cone-
shaped ZnO nanorods,23 the distinctive morphology can
facilitate the sputtering of a large number of Ag-NPs onto
the CNAs for 3D geometries generation. As depicted in Figure
S2, CNAs are thick at the bottom edge and thin at the top.

Figure 1. Fabrication process for Ag-decorated CNAs as the 3D
biomimetic substrate applied in label-free animal virus detection.
Through sputtering, Ag-NIs and Ag-NFs are formed simultaneously
on the side surfaces and top ends of chitin nanopillars with hierarchical
nanogaps, respectively. There are four types of nanogaps between the
Ag-decorated chitin nanopillars to form 3D hotspots, indicated as I, II,
III, and IV. Type I has nanogaps between the Ag-NIs located on the
side surfaces of single chitin nanopillars, type II has nanogaps between
the Ag-NIs located on the side surfaces of the adjacent chitin
nanopillars, type III has nanogaps within the Ag-NFs located on the
top ends of the adjacent chitin nanopillar, and type IV has nanogaps
between the Ag-NFs located on the top ends of the single chitin
nanopillars.

Figure 2. Comparison of SERS spectra of R6G from 3D Ag-decorated
CNAs with 10 min intermittent and persistent sputtering.
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Furthermore, Figure S2 also reveals that the interstitial region
between closely spaced chitin nanopillars, wide at the top and
narrow at the bottom, could allow the formation of more Ag-
NIs on the side surfaces to facilitate the construction of 3D
nanogeometries during sputtering rather than the direct
configuration of caps on the tops to obstruct further formation
of Ag-NIs. Moreover, Fourier transform infrared spectroscopy
(FTIR) indicates that rich amino and hydroxyl groups exist on
the surface of the CNAs (Figure S4). Additionaly, high-
resolution transmission electron microscopy (HRTEM) images
reveal that Ag NPs may tend to combine the (111) plane23 with
the surface of the CNAs (Figure S5). Accordingly, compared
with the reported glass,21 gold,29 and silicon30 nanopillar arrays,
the unique nanoarchitectures formed with intermittent
sputtering techniques and in particular their surface chemical
environments contribute to the higher density of 3D nanogaps
on the quasi-periodic CNAs within the unit area.23

Under selected sputtering conditions, a series of substrates
were prepared by applying a sputtering deposition time (DT)
from 8 to 20 min at an interval of 2 min (Figure 3). The
variation of the SERS intensity of R6G (1 μM) at the 1650
cm−1 shift could be ascribed to the particular structural
development of the substrates. Before DT reached 14 min,
the SERS intensity of R6G increased gradually with decreased
spacing between different Ag-NIs and Ag-NFs. For substrates

with short sputtering duration (8 min), only a few efficient type
I nanogaps could be observed in substrates, resulting in a
modest SERS activity. With an extension in the sputtering DT
(14 min), both the number and the size of the Ag-NPs
increased, leading to a boost in type I nanogaps and the
emergence of type II, III, and IV nanogaps. These four types of
nanogaps contribute to the higher SERS intensity when
abridged to sub 10 nm nanogaps. With a further prolongation
of the sputtering DT (20 min), a large portion of the
nanostructures were filled with big aggregated Ag NPs, giving
rise to a decrease in the density of effective nanogaps (mainly
types I and II) and a significant SERS reduction (Figure 3).
These results demonstrate that SERS enhancements are
affected by both the distances and the density of nanogaps
within the laser footprint on substrates.33,34

For evaluating spot-to-spot reproducibility, the 3D biomi-
metic SERS substrates (14 min) were functionalized with 1 μM
R6G and Raman-mapped using steps of 20 μm and a laser spot
diameter of 2 μm, where each pixel represents the intensity of
the Raman peak at the spatial position on the substrates. As
illustrated in Figure 4a, the intensity of the 1510 cm−1 peak
from R6G was plotted to demonstrate uniformity across the
entire 3D biomimetic substrate. Moreover, to assess the
substrate-to-substrate reproducibility further, we measured
SERS signals of R6G at 50 randomly chosen spots from 10

Figure 3. (a−g) Top-view SEM images of 3D biomimetic substrates with a sputtering deposition time range from 8 to 20 min at an interval of 2 min
under the same deposition conditions. (h) SERS spectra of R6G (1 μM) molecules absorbed on corresponding SERS substrates under 633 nm laser
excitation with an output power of 0.2 mW. (i) Comparison of average Raman intensities at that 1510 cm−1 peak on the corresponding substrates.
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3D biomimetic substrates, as shown in Figure 4b. To obtain a
statistically meaningful result, the relative standard deviation
(RSD) of the intensity at the 1510 cm−1 peak of R6G was
calculated to be 5.4%, as shown in Figure 4c, which is
comparable to35,36 or even better than many those reported in
recent studies.21,30,37 As shown in Figure 4e,f, the spectral
feature characteristics of R6G even at a low concentration of
10−13 M could still be identified clearly. Additionally, unlike
exposure to the ambient environment, no significant degrada-
tion was observed from 3D biomimetic substrates after 4 weeks
of storage under vacuum dry conditions (Figure S6).
By regulating dc sputtering, we could conveniently fabricate

not only 3D Ag-decorated CNAs with Ag-NIs and Ag-NFs but
also 2D Au-capped and 2D Ag-capped CNAs as SERS-active
substrates (Figure 5). According to scanning electron micro-
scope (SEM) observations, the electric-field distributions
calculated by finite-difference time domain (FDTD) show
clearly that a high density of hotspots reside in 3D Ag-

decorated CNAs (14 min) under 633 nm excitation, where the
hotspots correspond to the locations of the four types of
nanogaps. As is known, the EM enhancements of Raman
scattering are theoretically predicted to be proportional to [E]/
[E0];

4 hence, the FDTD simulation value of [E]/[E0] of over
22 indicates that the contribution of EM enhancements to the
total EF surpasses 2 × 105.38 Likewise, 3D Ag-decorated CNAs
have hotspots with a dramatically higher density than 2D Au- or
Ag-capped CNAs that are similar to the previous work prepared
by electron-beam deposition26 in a detection volume, rendering
3D nanostructures with large SERS enhancements.
The robust SERS enhancements of 3D Ag-decorated CNAs

can be attributed to the abundance of the sub 10 nm nanogaps
within the unit area, which can result in strong hotspots.
Compared to 2D biomimetic substrates, the SEM results show
that there are four types of nanogaps within 3D Ag-decorated
CNAs but only two types within vertically aligned 2D Au- or
Ag-capped CNAs (Figure 5). For 3D Ag-decorated CNAs (14

Figure 4. Reproducibility of Klarite and 3D biomimetic substrate (14 min). (a) SERS intensity distribution map of R6G measured at the 1510 cm−1

peak across a 1 × 1 mm2 piece of Klarite and (b) 3D biomimetic substrate. (c) SERS spectra of R6G obtained at 50 spots randomly chosen from 10
3D biomimetic substrates and (d) intensity distribution of the peaks at 1510 cm−1 in panel c. The average intensity is indicated with a green line, and
the violet zones represent ±5% intensity variation. (e) SERS of R6G solutions in various concentrations using 3D biomimetic substrate. (f) SERS of
a 10−13 M R6G solution collected on the same substrate with three data accumulations. All substrates were immersed in an R6G (1 μM) aqueous
solution for 30 min and measured under 633 nm laser line excitation with an output power of 0.2 mW after rinsing with ultrapure water and drying
in air.
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min), Ag-NFs on the top ends were composed of three big
huddled Ag NPs of 50−60 nm in diameter, and Ag-NIs on the
side surfaces consisted of small Ag NPs with 20−40 nm
diameter (Figure 5c). There are approximately 30 Ag NPs on
one individual nanopillar (Figure 5f). Given that there are 35−
40 nanopillars within a 1 μm2 unit (Figure S2), it can be
calculated that more than 1000 Ag-NIs exist within 1 μm2.
Consequently, the as-prepared 3D biomimetic substrates can
provide nearly 2000 nanogaps (<10 nm), namely, hotspots,
within a unit area of 1 μm2, a much higher density than that
reported previously.22 Moreover, there are a large portion of
sub 5 nm nanogaps (types I and IV) in 3D Ag-decorated
CNAs, which can further generate enormous SERS enhance-
ments under laser excitation.33,34

To achieve vigorous SERS enhancements, we covered 3D
Ag-decorated CNAs (14 min) and 2D Au- or Ag-capped CNAs
with monolayer benzenethiol (BT) by immersing them for 12 h
in a 10 mM BT ethanol solution followed by a rinse with pure
ethanol. The mean SERS intensity at the 1578 cm−1 peak of
monolayer BT with 633 nm laser illumination from the 3D Ag-
decorated CNAs was shown to be over one order magnitude
higher than that from the 2D capped CNAs and commercial
Klarite substrate (Figure 6a). Figure 6b describes the UV−vis
diffuse reflectance spectra of the CNAs-based biomimetic and

commercial substrates. As can be seen, the reflectance spectra
of the Klarite substrate were separated by pronounced
reflectivity dips around 570 and 750 nm, which was probably
due to the excitation of the LSPR of the gold NPs film.39

However, similar distinctive reflectivity minima were not
observed in the spectra recorded on CNAs decorated with
metal NPs and caps. This absence of neat and isolated plasmon
resonance is perhaps due to the antireflection structure of the
CNAs26 and the random configuration and distribution of
nanogaps. In combination with the elimination effect of
plasmon quenching, these nanogaps in 3D biomimetic
substrates manifest their application in highly sensitive SERS
measurements without a visible plasmon resonance in the far
field. Furthermore, Table 1 indicates the average EF as a
function of excitation wavelength, and the 3D Ag-decorated
CNAs boost the average EF by at least 10-fold over 2D Au- or
Ag-capped CNAs and Klarite substrate under different laser
illumination. It should be noted that the average EF is
calculated by the surface area of the entire 3D Ag-decorated
CNAs structure rather than considering only the local surface
area at the nanogap. Because the near field likely contributes
dominantly to the large SERS EF, the maximum local EF is
expected to be even higher than 109 within sub 5 nm gap
structures (types I and IV), with a spatial-average EF of above

Figure 5. Computer simulations of 2D and 3D biomimetic substrates. (a−c) Top-iew and (d−f) side-view SEM images of 2D Au-capped CNAs, 2D
Ag-capped CNAs, and 3D Ag-decorated CNAs with Ag-NIs and Ag-NFs, respectively. (g−i) Finite-difference time-domain (FDTD) computer
simulations showing the distribution of electric-field distribution around corresponding substrates. Note that the white lines in the electric-field
distribution were added to indicate the boundaries of nanostructures, whereas the white areas represent hotspots with [E]/[E0] over 22,
corresponding to an EF of over 2 × 105.
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107.33 Significantly, when the 785 nm laser was employed, the
largest average EF (5.8 × 107 with a variation of 5.2%, Table
S1) from 3D Ag-decorated CNAs was observed (Table 1),
which is a factor of approximately 12, 16, and 34 times higher
than that from 2D Ag-capped CNAs, 2D Au-capped CNAs, and
Klarite substrate, respectively. Accordingly, 3D Ag-decorated
CNAs could serve as a feasible platform for biosensing by
excitation with a NIR source, which is desirable for Raman
spectroscopy of biological samples to minimize unwanted
fluorescence background. In summary, our study has confirmed
the possibility of a facile large-scale method for producing a 3D
SERS substrate that is suitable for biosensing and can facilitate
strong hotspots even without a requirement of far-field plasmon
resonance.
To evaluate the sensitivity and reproducibility of the 3D

biomimetic substrate in pathogen biosensing, we introduced
three kinds of animal viruses with different sizes and surface
composition, PCV2, PRV, and H5N1, which are associated
with various animal diseases and lead to great financial damage,
even threating human health and life.40−43 PCV2 is an
icosahedral, nonenveloped, circular virus of approximately 17
nm in diameter.44 PRV is an icosahedral virus with a size
between 100 and 150 nm and is surrounded by a capsid,
envelope, and an 8−10 nm spike.45 H5N1 is a pleomorphic
virus of 80−120 nm in diameter and is composed of a host-
derived lipid bilayer envelope in which the virus-encoded
glycoproteins HA, neuraminidase (NA), and M2 are
embedded.46 Traditional antibody-based techniques for mon-

itoring viruses, such as enzyme-linked immunosorbent assays
(ELISA)47 and fluoroimmunoassays,48 have a comparatively
low sensitivity and specificity. As an alternative, polymerase
chain reaction (PCR) assays tend to be costly and cumbersome.
However, the label-free SERS technique allows for rapid,
simple, and low-cost virus detection and differentiation.49

It can be seen from the three typical SERS spectra of the
animal viruses in Figure 7a that the 3D biomimetic substrate
could detect and distinguish different complex viral pathogens.
In addition, a high degree of reproducibility can be observed in
the spectra of the individual viruses obtained on the 3D

Figure 6. (a) SERS spectra of monolayer benzenethiol and (b)
reflectance spectra from different substrates.

Table 1. Average Enhancement Factor of Different
Substrates with Three Common Exciting Laser Lines

substrate 514 nm 633 nm 785 nm

3D Ag-decorated CNAs 1.6 × 106 1.2 × 107 5.8 × 107

2D Ag-capped CNAs 1.5 × 105 1.1 × 106 5.0 × 106

2D Au-capped CNAs 9.1 × 104 6.6 × 105 3.6 × 106

Klarite substrate 7.7 × 104 5.1 × 105 1.7 × 106

Figure 7. (a) SERS spectra of PCV2, PRV, and H5N1 recorded at the
3D biomimetic substrates. All SERS spectra were excited by the 785
nm laser line with an output power of 25.0 mW and three times of
accumulation. Spectra were collected from several spots on multiple
substrates and baseline-corrected and smoothed for a clearer view of
the spectral differences. (b) Principle components analysis (PCA) plot
of PC1 vs PC2 computed from the SERS spectra of PCV2, PRV, and
H5N1. (c) SERS spectra of PCV2 on the 3D biomimetic substrate
((1) 106 PFU/mL, (3) 105 PFU/mL, (5) 104 PFU/mL, (6) 103 PFU/
mL, and (7) ultrapure water) and Klarite substrate ((2) 106 PFU/mL
and (4) 105 PFU/mL) with different concentrations.
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biomimetic substrate in Figure S7. To the best of our
knowledge, this is the first report on SERS spectra for the
PCV2, PRV, and H5N1 viruses, which could serve as
fingerprints for a possible noninvasive diagnosis of animal
disease. Figure 7b presents the principal components analysis
(PCA) clustering results from the SERS spectra of the PCV2,
PRV, and H5N1 viruses, indicating that they are clearly
separated into individual clusters, further confirming that the
SERS spectra obtained could effectively and reproducibly
discriminate these viruses. Additionally, several typical charac-
teristic bands of the PCV2 SERS spectra as low as 1 × 103

PFU/mL were readily detectable on the 3D biomimetic
substrate, a detection limit that is about two orders of
magnitude lower than that obtained from Klarite substrate
(Figure 7c). These bands are most likely due to C−C in-plane
bending (764 cm−1), NH2 in-phase rock and C−O stretch (985
cm−1), C−S stretching vibrations (1083 cm−1), C−N stretching
(1165 cm−1), Trp (1333 cm−1), and Tyr and Trp (1617 cm−1),
respectively.50 The results manifest that the 3D biomimetic
substrate collaborated with PCA has great potential to detect
and differentiate viruses using small amounts and low
concentrations of analyte.

■ CONCLUSIONS
A novel 3D biomimetic SERS substrate inspired from naturally
occurring CNAs for label-free animal virus detection was
developed. By using CNAs as a bioscaffold, our strategy
requires a minimumal fabrication cost and effort and offers
great simplicity and fully accessibility for the formation of 3D
SERS substrate. With the help of one-step and reagents-free
sputtering decoration techniques, Ag-NIs and Ag-NFs were
formed simultaneously on the side surfaces and top ends of
CNAs, respectively, with four types of nanogaps (<10 nm) to
generate a high density of hotspots (∼2000/μm2). Further-
more, in comparison with conventional 2D Au- and Ag-capped
CNAs, the FDTD electric-field-distribution simulations in-
tuitively illustrate that the 3D biomimetic SERS substrate
increases the hotspots area with a high density within a
detection volume. Significantly, apart from its excellent signal
reproducibility (5.4%), the resulting substrate also manifests a
low detection limit to R6G (10−13 M) and high average EF
(5.8×107), which is at least one order of magnitude higher than
that obtained from 2D biomimetic or commercial substrates. In
addition, the conspicuous far-field plasmon resonance peaks
were not found to be a strong requirement for high EF in 3D
biomimetic substrates. Moreover, the novel substrate was
successfully applied in label-free animal virus detection and
differentiation, and it exhibited potential as an effective SERS
platform for cheap, rapid, sensitive, and reliable biochemical
detection and sensing.

■ MATERIALS AND METHODS
Fabrication of Substrates. All of the cicadas are purchased at a

strikingly low price ($0.1/cicada) from a coherent orchardist in Jiangsu
Province of China. The fabrication process for the 3D biomimetic
SERS substrate is shown in Figure 1. First, the cicada wings were
ultrasonically cleaned with ultrapure water (18.25 MΩ cm) for 5 min
to remove residue on the surface followed by drying in air and
segmenting into 5 × 4 mm2 sections using scissors and scalpel to
exclude untextured venation. Next, the pretreated sections were fixed
as bioscaffolds on glass slides with double-sided adhesive tape using
tweezers. Finally, the as-prepared bioscaffolds were decorated with Ag
NPs by sputtering Ag at a low ratio about 3.6 nm min−1 in a protective
atmosphere of argon gas at room temperature. Ion sputtering was

applied using an ETD-3000 (Beijing Elaborate Technology Develop-
ment Ltd., $6000) ion sputter to decorate Ag NPs onto the surface of
the CNAs. The sputtering was operated for different periods of
duration with 4 mA ion current under 10 Pa argon gas (99.999%)
pressure. In our experiments, every sputtering period consisted of a 1
min working duration coupled with a 1 min break. High-purity
(99.99%) Au and Ag targets were sputtered under the same
conditions. Two-dimensional Au-capped CNAs were fabricated by
16 min Au sputtering, whereas 2D Ag-capped CNAs were fabricated
by 2 min Au sputtering followed by 12 min Ag sputtering. Unless
otherwise stated, 3D biomimetic SERS substrates refers to CNAs with
14 Ag min sputtering. Gold-coated commercial Klarite SERS
substrates were purchased from D3 Technologies Ltd. (Hampshire,
UK).

Characterization. The CNAs on the cicada wing and 3D
biomimetic SERS substrates were characterized by using field-emission
scanning electron microscopy (FE-SEM, JSM-6700F, Japan). High-
resolution transmission electron microscopy (HRTEM) images were
obtained using a JEM-2010FEF microscope (JEOL, Japan). FTIR
spectra were collected on a Nicolet Avatar-330 spectrometer (Thermo
Nicolet, USA) with 4 cm−1 resolution using the KBr pellet technique.
All Raman spectra were recorded at room temperature using an inVia
Raman spectrometer (Renishaw, UK) equipped with a confocal
microscope (Leica, German). The samples were excited with an Ar+

laser (514.5 nm), a He−Ne laser (633 nm), or a diode laser (785 nm)
for corresponding characterization with an output power of 1.5, 1.0,
and 25.0 mW, respectively. The band of a silicon wafer at 520 cm−1

was used to calibrate the spectrometer. Unless otherwise stated, the
SERS spectra were obtained with a 50× objective lens, 10 s exposure,
and one time accumulation. Reflection spectra were recorded from
ultraviolet-visible diffuse reflectance spectroscopy (Shimadzu UV-
2550, Japan), with a smooth gold surface defined as a 100% reflection
mirror for reference.

Calculation of the Average Enhancement Factor. The average
enhancement factor (EFave) for the 3D biomimetic substrate was
calculated using the accepted formula from the literature51,52
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where ISERS and IBulk are the intensities of the 1578 cm−1 peak in the
SERS spectra and the 1583 cm−1 peak in bulk liquid Raman spectra,
respectively. NSERS and NBulk are the estimated numbers of
benzenethiol (BT) molecules in the laser spot for the SERS substrates
and neat reference sample, respectively. NSERS = ARμ is the number of
monolayer BT molecules absorbed on the substrates and contributes
to the SERS signal, NBulk = AHρ is the number of BT molecules in
bulk solution contributing to the unenhanced Raman signal. A is the
area of the laser spot, R is the area factor, μ is the monolayer density of
BT molecules on the Au and Ag substrate, ρ is the molecular density
of neat BT solution, and H is the efficient collection height of the BT
liquid layer that emits a Raman signal.

Herein, R is an intrinsic parameter of a substrate that defines the
increased effective SERS-active area ratio by the following equation

=R
S
A

SERS

beam

where SSERS is the surface area of SERS-active sites under laser
illumination and Abeam is the area of the flat detection beam. For the
50× objective lens used in our experiment, the detection-beam
diameter is approximately 2.0 μm and the surface area of the beam is
about 3.14 μm2.

For the Klarite substrate, these SERS-active surfaces comprise gold-
capped grids of pyramidal wells with a 2 μm × 2 μm aperture and ∼2
μm depth.53 Therefore, the effective SERS-active surface area is
calculated to be about a 2.2-fold increase over the simple flat area of
the excitation beam, namely, Rklarite = 2.2.

For 2D Ag-capped and 2D Au-capped CNAs, we followed the
estimation approach described by Oh et al.21 After sputter coating, the
average height and diameter of the chitin nanopillars is 230 and 100
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nm (Figure 2), respectively. SEM results indicate that there are 110−
120 chitin nanopillars within a laser spot. By taking the side surfaces of
the Ag- or Au-coated chitin nanopillars into consideration, the effective
SERS-active surface area is about a 2.8-fold increase over the simple
flat area of the excitation beam, namely, R2D = 2.8.
For 3D Ag-decorated CNAs, a similar estimation approach was

adopted. As stated above, there are approximately 1000 small Ag NPs
with an average diameter of 40 nm and 100 big Ag NPs with an
average diameter of 60 nm within 1 μm2 unit after Ag sputtering.
Meanwhile, the original chitin nanopillar is assumed to be a cone of
180 nm in height and 120 nm in basal diameter. Consequently, the
total effective SERS-active surface area is estimated to be about a 3.0-
fold increase over the simple flat area of the excitation beam, namely,
R3D = 3.0.
To estimate the molecule number illuminated in the normal Raman

characterization, we followed the approach described by Cai et al.,54

with the detection volume being defined as the volume of a
hypothetical cylinder. For the 50× microscope lens that we chose,
the confocal length H = 21 μm was used to calculate the detection
volume. The μ and ρ values of BT are reported to be 3.3 × 1014

molecules/cm2 and 5.9 × 1021 molecules/cm3, respectively, in the
literature.55 The values of ISERS and IBulk of BT were measured from
different substrates under normalized experimental settings with the
three common exciting laser lines being 514, 633, and 785 nm. For
each laser excitation, SERS and bulk Raman measurements were
conducted under identical experimental conditions (laser wavelength,
laser power, and microscope objective lens). The SERS intensity is the
average value of 30 measurements, and the Raman intensity is the
average value of three measurements.
Preparation of Virus. All animal virus strains, PCV2 (gi:

225322671), PRV (Bartha-K61), and H5N1 (A/chicken/HuBei/
327/2004), were acquired from the State Key Laboratory of
Agricultural Microbiology of Huazhong Agricultural University. The
virus samples were propagated and purified following routine
procedures as described previously.31−34 The concentrations of the
three purified virus samples were about 1 × 106 PFU/mL, as tested by
immunostaining plaque assay. Virus solutions of different concen-
trations were prepared by dilution with ultrapure water. All viruses
were stored at −80°C before Raman test. In a typical experiment, a 1.0
μL sample of intact virus was applied to the 3D biomimetic SERS
substrate and allowed to bind for 1 h at room temperature prior to
spectrum acquisition. All SERS spectra of viruses were collected from
multiple spots across the substrates.
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