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1. Introduction

Viruses can cause an array of serious 
diseases, such as acquired immune defi-
ciency syndrome or AIDS and Ebola 
virus caused Ebola hemorrhagic fever or 
EBHF. Adenoviruses can cause a wide 
range of clinical syndromes including 
hepatitis, upper respiratory tract infec-
tion, and pneumonia.[1] They also contain 
powerful oncogenes, which can promote 
tumor growth.[2] Because viruses can 
cause many serious illnesses, sensitive 
detection and accurate identification of 
viruses are crucial for disease monitoring 
and clinical treatment. Existing tech-
nologies such as fluorescent antibody 
assays,[3] enzyme-linked immunosorbent 
assay (ELISA),[4,5] and polymerase chain 
reaction (PCR)[6–8] were developed for 
the detection and analysis of viruses, but 
most of these technologies suffer from 
complex procedures, poor sensitivity, as 
well as time and cost ineffectiveness. 

Due to the lack of rapid and sensitive detection methods, the 
study of respiratory syncytial virus and the diagnosis of acute 
infection in adults have been seriously hindered.[9] Developing 
simple, fast, and economical virus detection techniques can 
allow for early viral infections identification, a crucial com-
ponent of early treatment and increased likelihood of patient 
survival.[10]

One technology with powerful detection capabilities is 
surface-enhanced Raman scattering (SERS), which can detect 
small molecules at a single molecule level without complex 
sample treatment procedures.[11–14] SERS signals provide fin-
gerprint signals unique to the molecular composition of the 
analyte, allowing for analyte identification.[15–17] More impor-
tantly, SERS is biocompatible because water—the main com-
ponent of biofluids—is SERS inactive.[18–26] However, SERS 
is ineffective in reliably detecting and identifying viruses due 
to the size discrepancies between the SERS sensitive sites 
(known as “hot spots”) and the viruses. SERS “hot spots” (i.e., 
regions where Raman signal is magnified by the resonance of 
local electrons within the substrate) usually exist between adja-
cent noble metal nanostructures placed <10 nm apart.[27–34] In 
contrast, viruses are usually several tens of nanometers and 
are composed of complex components (e.g., protein, DNA, 
RNA, etc.).[1,6,35–44] Due to these geometry constraints, most 
whole viruses cannot fit into SERS “hot spots.” While virus sur-
face deformation may enable part of their surfaces to penetrate 
into the SERS “hot spots,” this reveals little about the virus as 

Virus detection and analysis are of critical importance in biological fields 
and medicine. Surface-enhanced Raman scattering (SERS) has shown great 
promise in small molecule and even single molecule detection, and can 
provide fingerprint signals of molecules. Despite the powerful detection 
capabilities of SERS, the size discrepancy between the SERS “hot spots” 
(generally, <10 nm) and viruses (usually, sub-100 nm) yields poor detection 
reliability of viruses. Inspired by the concept of molecular imprinting, a 
volume-enhanced Raman scattering (VERS) substrate composed of hollow 
nanocones at the bottom of microbowls (HNCMB) is developed. The hollow 
nanocones of the resulting VERS substrates serve a twofold purpose: 1) 
extending the region of Raman signal enhancement from the nanocone surface 
(e.g., surface “hot spots”) to the hollow area within the cone (e.g., volume 
“hot spots”)—a novel method of Raman signal enhancement, and 2) directing 
analyte such as viruses of a wide range of sizes to those VERS “hot spots” 
while simultaneously increasing the surface area contributing to SERS. Using 
HNCMB VERS substrates, greatly improved Raman signals of single viruses 
are demonstrated, an achievement with important implications in disease 
diagnostics and monitoring, biomedical fields, as well as in clinical treatment.

Virus Detection
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a whole (Figure 1a). As a result, the captured SERS spectrum 
of the viruses using conventional SERS substrates has a poor 
signal reproducibility and thus poor detection reliability.[45–48] 
In an effort to achieve SERS-based virus detection, new strate-
gies for collecting comprehensive SERS information of viruses 
are necessary.

Inspired by molecular imprinting, a concept that uses cavi-
ties to recognize molecules with the same geometry,[49,50] we 
developed a novel concept of volume-enhanced Raman scat-
tering (VERS) and a substrate capable of achieving it with 
volumetric “hot spots.” These hot spots were composed of hex-
agonally arranged hollow nanocones located at the bottom of 
the microbowls (referred as HNCMB structures) (Figure  1b). 
Unlike conventional SERS substrates[51,52] that only facilitate 
nanoscale surface “hot spots” (Figure  1a), HNCMB substrates 
exhibit strong electromagnetic fields not only at the surface, but 
also within the volume of the hollow nanocones, as revealed by 
finite-difference time-domain (FDTD) simulations. As a result, 
regions within the nanocones can behave as volume “hot spots” 
(Figure  1b). Most viruses are capable of physically fitting into 
the geometries of VERS hot spots, making it possible to acquire 
comprehensive Raman signals of the whole virus, significantly 

suppressing the virus orientation–induced irreproducibility of 
the Raman signals of conventional SERS substrates. Moreover, 
the contact area between the virus and the hollow nanocone is 
large than that between the virus and conventional SERS sub-
strates. The increased contact area increased the portion of 
the virus surface area that can penetrate into the surface “hot 
spots.” The hollow nanocones can be used to accommodate 
viruses in a wide size range, making them suitable for detecting 
several kinds of viruses with different sizes simultaneously.

Inspired by “molecular imprinting,” this research effort 
introduced VERS and demonstrated that VERS substrates 
facilitate sensitive and reliable detection of viruses (Figure 1b). 
Experimentally, fingerprint Raman signals of adenovirus type 
5 (Ad5) and coxsackievirus type 3 (Cv3) were observed using 
the HNCMB VERS substrates. HNCMB VERS substrates 
allow for significantly higher Raman signal reproducibility 
of Ad5 compared to conventional SERS substrates (here, a 
thermally evaporated gold film). VERS substrates can obtain 
comprehensive Raman peaks from single viruses and, in 
turn, achieve reliable identification of single viruses. Such 
VERS-enabled capabilities are of great potential in biology and 
biomedical fields.
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Figure 1.  Concept of VERS detection of viruses. a) Conventional SERS substrates only collect the Raman signals from a small part of the virus.  
b) HNCMB structures enable most part of the virus to contribute to the Raman signals. Therefore, the Raman signals of single viruses on HNCMB 
structures are stronger and more comprehensive than those on conventional SERS substrates. c) Fabrication process of the gold HNCMB structures. 
Process I and II: Preparation of DCC template via stacking two MCC templates. Process III: Plasma etching of the DCC template for a short time. 
Process IV: Further plasma etching until the top small PS spheres are etched away. Process V: Evaporation a thin layer of gold film. Process VI: Inversion 
of the gold-coated plasma-etched DCC template. Process VII: HNCMB structures are obtained after removing PS sphere using dichloromethane. Insets 
show SEM images of the morphology of MCC (an optical image is also shown) and DCC structures, and an enlarged schematic of HNCMB structures.
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2. Results and Discussion

2.1. Construction and Characterization of HNCMB SERS 
Sensors

The HNCMB VERS substrate was prepared in two steps 
(Figure 1c). First, a double-layer colloidal crystal (DCC) template 
was prepared by stacking a monolayer colloidal crystal (MCC) 
template composed of small polystyrene (PS) spheres onto 
another MCC template composed of large PS spheres (Process I 
and II in Figure 1c and Figure S1, Supporting Information).[53,54] 
The MCC template was prepared by a self-assembly process 
at the air/water interface.[55–57] Once the small PS spheres are 
applied to the large PS spheres to form the DCC template, the 
small PS spheres are approximately hexagonally closely packed 
on the large PS spheres (inset SEM image in Figure  1c and 
Figure S2, Supporting Information). These small PS spheres 
act as sacrificial dynamic protection templates during plasma 
etching treatment of the DCC template (Process III and IV in 
Figure 1c). As the small PS spheres are also subject to plasma 
etching, the area they can protect from being plasma etched gets 
smaller, giving rise to the formation of well-ordered PS nano-
cones standing on the large PS spheres (Figure 2a–h; Figure S3, 
Supporting Information). Second, a 100 nm thick gold film was 
thermally evaporated onto the plasma-treated DCC template 
(Process V in Figure  1c). After inverting the template using a 
method widely used to transfer graphene from one substrate to 

another[58] and removing the DCC template by immersion in 
dichloromethane, a HNCMB structure–formed ordered array 
was obtained (Process VI and VII in Figure 1c).

The length and the base diameter of the PS nanocones can 
be simply controlled by the plasma etching time and the diam-
eter of the PS spheres chosen (Figure  2a–g and Figure S3, 
Supporting Information). The evolution of the length and the 
base diameter of the PS nanocones as plasma etching proceeds 
was carefully studied and is summarized in Figure 2h. We can 
design the height (h) of the PS nanocones using the following 
equation: h = 4.88 nm min−1 × t where t is the plasma etching 
time. The width at the middle of the nanocones can be predicted 
by the following equation: w = −2.24 nm min−1 × t + 287.12 nm. 
Therefore, the size and morphology of the PS nanocones can 
be accurately engineered.

The structural controllability of the PS nanocones allows 
us to design hollow nanocones that can accommodate viruses 
of different sizes. Viruses can be delivered into the hollow 
nanocone structures, where they are then tightly embedded. 
Considering that the size of the Ad5 virus is in the range of 
60–90 nm,[1] we prepared HNCMB VERS substrate composed 
of microbowls with a diameter of ≈1.5 µm and nanocones with 
an opening size of ≈100 nm (Figure 2i–l), generated from gold 
replication of the plasma-etched DCC template composed of 
2 µm PS spheres on the bottom and 290 nm PS spheres on top. 
Microscopic photos showed the highly ordered arrangement of 
these HNCMB structures (Figure S4, Supporting Information).
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Figure 2.  Characterization of the plasma-etched DCC template and the HNCMB structures. a,c,e) Top-view observation of the DCC template after 
plasma etching for 15, 45, and 70 min, respectively. b,d,f) The corresponding side-view image. g) Schematic of a plasma etched unit of the DCC tem-
plate. h) The relationship between the width at the half length and the height of the cones to the plasma etching time. i) A large-area highly ordered 
HNCMB structure array. Inset in (i): schematic of a cross-sectional view of a HNCMB structure. j,k) Enlarged observation of the HNCMB structures. 
Inset in (j): side-view observation. The opening of the hollow nanocones can be observed in (j). l) A microscopic image of the HNCMB structure.
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The roughness of the surface inside the hollow nanocones 
dictates the SERS performance of the substrate. This rough-
ness is inherited from that of the plasma-treated PS surface, 
and was determined to be 5  nm  ±  4.5  nm by atomic force 
measurements (Figure S5, Supporting Information). The SERS 
performance of the HNCMB was evaluated using Rhodamine 
6G (R6G) as a probing molecule (Figure 3). The HNCMB SERS 
substrate was immersed into ethanol and aqueous solutions 
of R6G at different concentrations for 2 h. Then, the HNCMB 
structure was dried in ambient room conditions before SERS 
measurement. It was found that strong SERS signals of R6G 
molecules were observed from an ethanol solution of R6G at 
a concentration of 10−6  m. In contrast, the SERS signals from 
an aqueous solution of R6G were very weak. This is induced 
by the hydrophobic property of the HNCMB structure with 
a contact angle of about 106o (Figure S6, Supporting Infor-
mation), which prohibits R6G molecules from entering the 
hollow nanocones. After plasma treatment, the HNCMB struc-
ture was rendered hydrophilic (i.e., with a water contact angle 

of about 35o), allowing water and thus the R6G molecules to 
enter the hollow nanocones. As a result, the SERS signals of 
R6G from aqueous solutions were significantly enhanced—
the signal strengths using the plasma-treated HNCMB 
structures were comparable to those from ethanol solutions 
at the same concentrations. SERS signals of R6G were observ-
able even at R6G concentrations as low as 10−8 m when using  
the plasma-treated HNCMB structures, and the detection limit 
is calculated to be 0.8 × 10−9  m according to the 3σ criterion, 
demonstrating outstanding SERS performance. Therefore, the 
HNCMB structure was plasma-treated to be hydrophilic before 
virus detection in all of the following experiments unless other-
wise noted. No SERS peaks can be observed in pure water and 
ethanol (Figure S7, Supporting Information).

FDTD simulation results demonstrated that strong electro-
magnetic fields exist not only close to the inner surface of the 
hollow nanocones, but spread over the hollow area of the nano-
cones (Figure  4a). The HNCMB structure not only has “hot 
spots” tightly close to the surface (or surface “hot spots”) but has 
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Figure 3.  SERS performance of the HNCMB structures. a) Curve 1 and 2 are the SERS spectra of R6G molecules dissolved in water and ethanol at 
a concentration of 10−6 m on the as-prepared HNCMB structures, respectively. Curve 3 is the SERS spectrum of R6G molecules dissolved in water 
at a concentration of 10−6 m on the plasma-treated hydrophilic HNCMB structures. b) SERS spectra of R6G molecules dissolved in water at different 
concentrations on the plasma-treated hydrophilic HNCMB structures.

Figure 4.  The distribution of the electromagnetic fields within different structures simulated by FDTD. a) Scheme of and the simulation result of the 
hollow nanocone. b) Scheme of and the simulation result of the gold nanoparticle film. The incident direction (K) and the polarization (E) of the 638 nm 
laser light are shown in (a). The hollow nanocone used for FDTD simulation was 360 nm in height with an opening size of 100 nm. The roughness 
of the hollow nanocone was reflected by the nanogrooves. The thermally evaporated gold film was represented as a monolayer of close-packed gold 
nanoparticles with a size of 100 nm.
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“hot spots” far away from the surface (or volume “hot spots”). 
Because the HNCMB structure allows for such volumetric 
Raman signal enhancement, we refer to it as a VERS substrate. 
The surface and volume “hot spots” can work together to sense 
analyte such as viruses, while conventional SERS substrates 
can only rely on surface “hot spots” (Figure 4b).

2.2. Detection of Ad5 with HNCMB VERS and Gold Film SERS 
Substrate

Experimentally, we compared the reproducibility of the Raman 
signals of Ad5 in a size range of 60–90  nm (Figure S8, Sup-
porting Information) dispersed on the HNCMB VERS sub-
strate with those dispersed on thermally evaporated gold film 
representing a conventional SERS substrate with only surface 
“hot spots.” A piece of plasma-treated HNCMB structure (about 
0.5 cm × 0.5 cm) was immersed into a cylindrical well filled with 
200 µL of Ad5 dispersions with a concentration of 106 pfu mL−1. 
The low concentration of the viruses ensures that at most one 
virus is trapped within each hollow nanocone. The microbowl 
structure facilitates delivery of viruses into the hollow nano-
cones. After sedimentation for 2  h, the 60–90  nm viruses are 
embedded in the hollow nanocones that have an opening size 

of ≈100 nm. The spot size of the laser is about 1.5 µm, which 
is the same size of the microbowls. While this size consistency 
assures that a single HNCMB structure can be used as a single-
particle VERS substrate, a Raman signal may not be obtained 
at every microbowl at low analyte concentrations due to sparse 
virus distributions or poor virus embedding within the hollow 
nanocone. Under such conditions, we performed Raman map-
ping measurements over the HNCMB structure to address the 
location of the viruses (Figure S9, Supporting Information). 
Eventually, 56 and 30 Raman spectra of individual viruses were 
collected over the HNCMB VERS substrate and the thermally 
evaporated gold SERS substrate, respectively (Figures S10 and 
S11, Supporting Information). Generally, more Raman peaks 
appeared on the HNCMB VERS substrate than on the ther-
mally evaporated gold film (Figure  5a,b). This means that the 
HNCMB VERS substrate can provide more comprehensive 
Raman information of a single virus than the thermally evapo-
rated gold SERS substrate. The origin of these Raman peaks 
from the viruses is summarized in Table S1 in the Supporting 
Information. As aforementioned, different parts of the virus 
randomly penetrate into the surface “hot spots” of traditional 
SERS substrates exemplified by the thermally evaporated gold 
film (Figure 1). As a result, the SERS-based Raman peaks of the 
virus were limited and the Raman signals exhibited extremely 
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Figure 5.  Detection of viruses using different sensing substrates. a,b) Six randomly chosen typical Raman spectra of single viruses dispersed on the 
gold nanoparticle film and on the HNCMB structures, respectively. c) The appearance rate of 20 randomly chosen Raman peaks of viruses on the gold 
nanoparticle film and the HNCMB structures. The appearance rate was calculated by counting the appearance times of a certain Raman peak in more 
than 50 SERS spectra of viruses. d) PCA plot of PC1 and PC2 computed from the Raman spectra of viruses obtained from the gold nanoparticle film 
and the HNCMB structure. A data point represents a Raman spectrum in the plot. The characteristic features of a Raman spectrum are reflected from 
the position of its corresponding point.
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poor reproducibility (Figure  5a and Figure S11, Supporting 
Information). Comparatively, rich Raman signals of virus on 
the HNCMB VERS substrate were observed (Figure  5b and 
Figure S10, Supporting Information), because of the following 
two reasons: First, the interface area between the virus and the 
HNCMB VERS substrate is higher compared to that between 
the virus and the thermally evaporated gold film. Therefore, the 
probability of parts of a virus going into the surface “hot spots” 
is increased. Second, the volume “hot spots” within the hollow 
allow parts of the virus far away from the surface “hot spots” to 
contribute to the Raman signals (Figures 1 and 4).

To quantitatively evaluate the reproducibility of the Raman 
signals of viruses, we statistically calculated the appearance rate 
of certain Raman peaks from viruses as summarized in Table S1  
in the Supporting Information. The appearance rate here rep-
resents the ratio of the number of times a peak appears to 
all the spectral numbers obtained on the same substrate. We 
randomly picked 20 Raman peaks from the virus on the ther-
mally evaporated gold SERS substrate and the HNCMB VERS 
substrate and measured the appearance rate of the Raman 
peaks of interest (Figure 5c). Generally, the appearance rate of 
the Raman peaks of the virus is several times higher on the 
HNCMB VERS substrate than that on the thermally evaporated 
gold film. In other words, the signal reproducibility and in turn 
the detection reliability is greatly improved by using the “molec-
ular imprinting”–inspired HNCMB VERS substrates composed 
of both surface and bulk “hot spots”.

Principal component analysis (PCA) studies of the Raman 
spectra of viruses on different sensing substrates were further 
performed. PCA is a method which projects a data set into a 
transformed space that maximizes the variability within the 
data and thus allows spectral similarities and differences to 

be more easily observed. The points repre-
senting the Raman spectra obtained from 
the viruses on the HNCMB VERS substrate 
clustered more closely than those repre-
senting the Raman spectra of the viruses 
on the gold nanoparticle film. This shows 
that the HNCMB VERS substrate can pro-
vide more reproducible Raman spectrum of 
viruses than the gold nanoparticle film, indi-
cating a good detection reliability of viruses 
using the HNCMB structures (Figure 5d).

To obtain comprehensive SERS signals of 
a certain virus, the size of the hollow nano-
cones should be judiciously designed. For 
example, the advantages of the hollow nano-
cones with an opening size of ≈100  nm 
are significantly weakened when they are 
used to detect Cv3 (with a concentration of 
106 OPU mL−1) with a size of around 25 nm 
(Figure S12, Supporting Information).[59] 
The origin of the Raman peaks from Cv3 is 
summarized in Table S2 in the Supporting 
Information. It was found that a good repro-
ducibility of the Raman signals was observed 
on the thermally evaporated gold film, which 
is even better than that on the HNCMB VERS 
substrate (Figure S12, Supporting Informa-

tion). This is because the size of the virus is close to the length 
that the SERS “hot spots” in the gold nanoparticle films can 
sense. Further considering the composition symmetry of the 
virus, it is not surprising that a good reproducibility of the SERS 
signals of Cv3 was observed on the thermally evaporated gold 
film. In contrast, the Cv3 will be delivered into the bottom part 
of the hollow nanocones where the electromagnetic field is weak 
(Figure 4a). Therefore, weak Raman signals of Cv3 with a poor 
signal reproducibility was observed on the HNCMB structures.

The Raman signals of Ad5 and Cv3 were compared 
(Figure 6). It was found that the main difference between the 
Raman spectra of the two viruses was in the wavenumber range 
between 800 and 1100  cm−1. Specifically, two peaks located at 
820  cm−1 (C–C str) and 879  cm−1 (Trp) were observed in the 
SERS spectra of Ad5 (Curve a and b in Figure 6), while absent 
in the SERS spectra of Cv3. Three peaks located at 1015 cm−1 
(Carbohydrates peak for solids), and 1041 cm−1 (C–N str), and 
1062 cm−1 (C–N str) appeared for Cv3, while absent in the SERS 
spectra of Ad5. The obvious difference of the SERS spectrum of 
different viruses makes virus identification possible, provided 
that comprehensive SERS signals of viruses could be collected 
employing the VERS technique.

3. Conclusions

Inspired by the “molecular imprinting” concept, we designed 
HNCMB VERS with not only surface “hot spots” close to 
the inner surface of the hollow nanocones, but volume “hot 
spots” far away from the surface, as verified by FDTD simula-
tions. These VERS substrates allowed for large interfacial area 
between the virus and the inner surface of the hollow nanocone, 
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Figure 6.  Typical Raman spectra of Ad5 (Curve a and b) and Cv3 (Curve c and d).
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thus increasing the area of the virus that can contribute to the 
Raman signals, and also created volume “hot spots,” which 
allowed for Raman information collection of the parts of the 
virus far away from the surface “hot spots.” The reproduc-
ibility of the Raman signals and the detection reliability of 
single viruses are significantly improved using the “molecular 
imprinting”–inspired HNCMB VERS substrate. This study 
opens a new avenue toward engineering substrates that can col-
lect comprehensive Raman signals of single viruses, which has 
crucial importance in disease diagnostics and biomedical fields.

4. Experimental Section
Preparation of the DCC Template: A piece of smooth copper foil 

(2 × 4  cm2) was washed thoroughly with ethanol and deionized water 
and kept in 10  wt% sodium dodecyl sulfate (SDS) solutions for 12  h 
to obtain a highly hydrophilic surface. After flushing off the physically 
attached SDS with deionized water, the copper foil was dipped into 
deionized water at an angle of 80° to vertical. One hundred microliters 
of the PS sphere dispersions (about 2 wt%) in a mixture of water and 
ethanol at a volume ratio of 2:1 were dripped into water slowly along 
a glass slide. After introducing 100 µL of 5 wt% SDS solutions, the PS 
spheres assembled at the air/water interface to form an MCC template. 
After decanting the water slowly, the MCC template was transferred onto 
the copper foil. After drying naturally, the second layer MCC template was  
transferred onto the preformed MCC template using the same process 
as transferring the first layer MCC template, gaving rise to the formation 
of the DCC template (Figure S1, Supporting Information).

Preparation of the HNCMB Structures: The DCC template was etched 
by an oxygen plasma cleaner operated at a power of 30 W. The plasma 
etching time was varied from 0 to 90  min. The chamber pressure of 
the oxygen plasma cleaner was maintained at 10  Pa. Then, a layer of 
gold film with a thickness of 100  nm was thermally evaporated onto 
the plasma-treated DCC template. The gold-coated plasma-treated 
DCC template was put upside down on a piece of Si/SiO2 wafer with 
the four sides being fixed by tape. An aqueous solution composed of 
iron chloride (17  wt%) and HCl (3  wt%) was slowly added onto the 
surface of the copper foil until the copper foil was completely covered 
by the etching solution. After 30 min, the copper foil was etched away, 
leaving behind the orientation-reversed gold-coated plasma-treated DCC 
template. Consequently, the orientation-reversed gold-coated plasma-
etched DCC template was immersed in dichloromethane for 1  min to 
remove the PS spheres, leading to the formation of HNCMB structures.

Virus Treatment for SERS Analysis: The viruses (Ad5 and Cv3) were 
obtained from Zhongnan Hospital of Wuhan University, Wuhan, China. 
The viruses were stored at −20  °C before usage. The Ad5 titer of the 
original stocks was 1011 plaqueforming units (PFU) per mL while Cv3 
was estimated to be ≈1011 optical particle unit (OPU) per mL. It was 
diluted by different times using the phosphate buffered saline (PBS) 
solutions for SERS analysis.

SERS and VERS Measurements: The SERS performance of the HNCMB 
structures and the gold nanoparticle film was performed on a confocal 
Raman instrument (RenishawinVia, Renishaw) using R6G as a probing 
molecule. The laser beam was focused onto the SERS substrate through a 
100× objective. The laser power was about 60 µW. The integration time for 
SERS measurements was kept at 10 s. VERS measurement of the Ad5 and 
Cv3 virus were performed on a confocal Raman instrument (LabRAM HR 
Evolution) equipped with a 638 nm wavelength laser. A raster laser scan 
was carried out over the HNCMB structures and the gold nanoparticle 
film to obtain the VERS mapping results. The spot size of the laser beam 
was about 1.5 µm in diameter. The laser beam was focused through a 10× 
objective. The laser power was about 5 mW. The integration time was 15 s.

FDTD Simulation of the Electromagnetic Field Distribution over the 
SERS Substrates: The electromagnetic field distribution over the SERS 
substrates under 638  nm laser irradiation was simulated by the FDTD 

method. For simplification, the electromagnetic field distribution over 
the hollow nanocones used to trap and sense viruses was simulated. 
The simulation model of the hollow nanocones had an opening size 
of 100 nm and a height of 360 nm. The thermally evaporated gold film 
was simplified to be a layer of close-packed gold nanoparticles with a 
diameter of 100 nm. The K- and E-vectors corresponded to the incident 
direction of the laser light and the polarization direction, respectively. 
The optical parameters for gold were supplied by the FDTD software 
without modifications.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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