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ABSTRACT

A spectroscopic assay based on surface enhanced Raman scattering (SERS) using silver nanorod array substrates has been developed that
allows for rapid detection of trace levels of viruses with a high degree of sensitivity and specificity. This novel SERS assay can detect spectral
differences between viruses, viral strains, and viruses with gene deletions in biological media. The method provides rapid diagnostics for
detection and characterization of viruses generating reproducible spectra without viral manipulation.

Introduction. Rapid and sensitive pathogen detection is
central to human health care, required for proper therapeutic
treatment, and required for prevention and control of
pandemics or bioterrorism. The majority of existing viral
detection assays employ antibody-based methods that include
enzyme-linked immunosorbant assays (ELISA),1 fluorescent
antibody assays,2 or serologic testing.17 These methodologies
lack the sensitivity and specificity required for low level virus
detection, therefore more costly and laborious polymerase
chain reaction (PCR) assays are often necessary to enhance
virus detection.8 Since these diagnostic methods are generally
cumbersome and often have limited sensitivity, a variety of
new virus detection methods, including microcantilevers,9

evanescent wave biosensors,4 immunosorbant electron mi-
croscopy,31 and atomic force microscopy,12 have been
investigated to overcome these limitations. However, these
new techniques are unable to discriminate between virus
species with reasonable sample throughput, thus there is an
unmet need for a rapid, reproducible, and sensitive means
of detecting viruses that may inflict substantial burdens on
human and animal health.

Raman spectroscopy has previously been used to charac-
terize virus structure;27 however, normal, un-enhanced Raman
spectroscopy has an extremely small scattering cross section,
which limits its use as a low level bioanalytical sensor.
Surface-enhanced Raman spectroscopy (SERS) is a variation

of Raman in which the incoming laser beam interacts with
electrons in plasmon oscillations in metallic nanostructures
to enhance, by orders of magnitude, the vibrational spectra
of molecules adsorbed to the surface.15 The morphology of
the metallic nanostructures is a primary factor determining
the magnitude of signal enhancement and sensitivity of
detection.25 Since SERS is useful for determining molecular
structural information, and because SERS provides ultra-
sensitive detection limits including single molecule sensitiv-
ity,11,29it has been used to detect bacteria21 and viruses using
direct spectroscopic characterization1 or reporter molecule
sandwich assemblies.5 However this remarkable analytical
sensitivity has, for the most part, not translated into the
development of practical in-situ diagnostic SERS probes.15

This is due in large part to the difficulty in easily preparing
robust, metal-coated substrates of the correct surface mor-
phology that provide maximum SERS enhancements. We
recently showed that a silver (Ag) nanorod SERS array
fabricated using the oblique angle deposition (OAD) method
acts as an extremely sensitive SERS substrate with enhance-
ment factors of greater than 108.3,30 The nanofabrication
technique (OAD) offers a flexible, easy, and inexpensive
method for fabrication of integrated nanoprobes for high
sensitivity SERS applications. The SERS substrates produced
by OAD have the advantages of large area, uniform,
reproducibility. These novel substrates allow us to develop
SERS-based biosensors rapidly, accurately, and cost-ef-
fectively to detect extremely low levels of viruses, thus
bridging a critical need for a rapid, sensitive, and reliable
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means of diagnosing or detecting viruses that does not
currently exist. In the study, we use the optimal Ag nanorod
arrays generated by OAD and SERS to rapidly (30-50 s)
detect in real-time human viruses in diminutive specimen
volumes, and differentiate between respiratory viruses, virus
strains, and viruses containing gene deletions without
manipulating the virus.

Experimental Methods. Substrates. The SERS sub-
strates were fabricated using a custom-designed electron
beam/sputtering evaporation (E-beam) system (Torr Inter-
national, New Windsor, NY), as previously described.3

Briefly, in oblique angle deposition (OAD), the angle of
depositing vapor and the surface normal of the substrate is
set to be 86° where typically a base layer of 500 nm Ag
thin film is deposited. With increasing deposition time,
randomly distributed but aligned nanorod arrays develop on
the substrate. Figure 1 shows two representative scanning
electron microscope (SEM) images of Ag nanorod surfaces
at lengthh ) 868 nm andh )2080 nm, respectively. The
length of the nanorods increases monotonically as a function
of deposition time, and the nanorods are tilted with respect
to the normal of the substrate surface. The optimal SERS
substrates observed in our previous experiments are shown
in Figure 1a.3,30 SEM images show the overall rod length of
the nanorod substrates to be 868 nm( 95 nm, while the
diameter of the nanorods was 99 nm( 29 nm. The density
of the nanorods was calculated to be 13.3( 0.5 rodsµm-2

with an average tilt angle of 71.3° ( 4.0°.
Viruses. The following human respiratory viruses were

used in the analyses: respiratory syncytial virus (RSV) strain
A2, RSV strain A/Long, RSV strain B1, recombinant wild
type RSV strain A2 (6340), 6340 with a deletion of the G
gene (∆G), rhinovirus type 4/strain 16/60 (rhino), adenovirus
type 6/tonsil strain 99 (Ad), a CXCR4-tropic strain of human
immunodeficiency virus (HIV), and influenza (flu) virus
strains A/HKx31, A/WSN/33, and A/PR/8/34. RSV, Ad and

rhino viruses were propagated using Vero cells maintained
in Dulbecco’s Modified Eagles Medium (DMEM; GIBCO
BRL laboratories, Grand Island, NY) supplemented with 2%
heat-inactivated (56°C) FBS (Hyclone Laboratories, Salt
Lake City, UT). Upon detectable cytopathic effect, RSV, Ad
and Rhino viruses were harvested in serum-free DMEM
followed by two freeze-thaws (-70 °C/4 °C), after which
the contents were collected and centrifuged at 4000g for 15
min at 4°C. The virus titers were similar and ranged between
5 × 106 and 1× 107 PFU/mL, determined by immunostain-
ing plaque assay as previously described.26 The control for
these studies was uninfected Vero cell lysate cleared of cell
debris by centrifugation (4000g, 15 min, 4°C). Influenza
strains were propagated in embryonated chicken eggs and
virus titers determined by hemagglutination assay using
chicken red blood cells. The influenza virus titers ranged
between 107 and 108 EID50. The control for these studies
was naı¨ve allantoic fluid. HIV was propagated by infecting
human white blood cells previously stimulated with phyto-
hemmaglutinin (Sigma) as described,14 and titers assayed by
ID50 to determine the number of infectious particles per mL.
As necessary, viruses were inactivated by 4% paraformal-
dehyde treatment at room temperature for 3 hours.

Virus Purification.RSV purification was done on a sucrose
cushion to allow comparison of spectral bands in the SERS
spectrum of RSV infected cell lysate to virus alone. The
purification was done as previously described with slight
modifications.7,13 Briefly, RSV-infected cell lysate was
layered onto a 77% sucrose solution in MHN buffer (0.1 M
magnesium sulfate, 0.15 M sodium chloride, 0.05 M HEPES)
and centrifuged at 27 000× g for 1.5 h at 4°C. The
interphase was collected, diluted with 2 volumes of MHN
buffer, and layered onto a step gradient of 77% sucrose in
MHN buffer and 33% sucrose in MHN buffer and centri-
fuged at 100 000× g for 1 h at 4°C. The interphase on the
top layer containing purified RSV was collected and dialyzed
against PBS. The concentrations of the purified virus samples
were∼5 × 108 PFU/mL.

Surface Enhanced Raman Spectroscopy. SERS spectra
were acquired using a near-IR confocal Raman microscope
system (Hololab Series 5000, Kaiser Optical Systems, Inc.,
Ann Arbor, MI). A fiber-optic interfaced 785 nm near-IR
diode laser (Invictus, Kaiser Optical) was used as the laser
source, and the spectrograph was a Kaiser Optical Holospec
f/1.8-NIR equipped with a LN2-cooled CCD camera
(1024EHRB, Princeton Instruments, Trenton, NJ). The laser
power at the sample varied between 10 and 15 mW with
spectral collection times in the range 30-50 s. A 0.5-1.0
µL sample of intact virus was applied to the array Ag
nanorod substrate and allowed to bind for 1 h at room
temperature prior to spectrum acquisition. SERS spectra were
collected from multiple spots across the substrate and from
multiple substrates.

Experimental Results.To determine the capacity of SERS
to distinguish different RNA viruses, the baseline corrected
enhanced Raman spectra of adenovirus (Ad), rhinovirus
(rhino), and human immunodeficiency virus (HIV) was
determined (Figure 2). The SERS Ad spectrum (Figure 1a)

Figure 1. Representative scanning electron micrographs of the Ag
nanorod arrays deposited with different lengths, (a)h ) 868 nm
and (b)h ) 2080 nm. The typical SERS substrate used for virus
detection is represented in (a) i.e. 870 nm.
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is characterized by strong bands due to nucleic acid bases at
650 cm-1 (guanine), 731 cm-1 (adenine), 1325 cm-1

(adenine), and 1248 cm-1 (guanine).18 The 650 cm-1 band
may also have contributions due to Tyr.19 The Raman lines
at 1003 cm-1 and 1033 cm-1 have been assigned to the
symmetric ring breathing mode and the in-plane C-H
bending mode of Phe, respectively,20 while the bands at 1457
cm-1, 1576 cm-1, and 1655 cm-1 can be attributed to the
CH2 deformation mode of proteins, the carboxylate stretching
vibration (νaCOO-) of Trp and the amide I vibration of the
peptide groups, respectively.20 A notable characteristic of the
SERS Ad spectrum is the relative intensity of the bands
associated with the nucleic acids indicating direct binding
to the Ag substrate. The strong band at 731 cm-1 has been
assigned to denatured DNA caused by its interaction with
the Ag SERS substrate.10

In the SERS spectrum for rhino (Figure 2b), the major
Raman bands are present at 656 cm-1 (guanine), 729 cm-1

(adenine), 853 cm-1 (Tyr), 1002 cm-1 and 1030 cm-1 (Phe),
1448 cm-1 (CH2 deformation), and 1597 cm-1 (νaCOO-

Trp). Comparison of this spectrum with the SERS Ad
spectrum shows a clear shift in the frequency of the guanine
band. Other differences that distinguish the SERS spectrum
of rhino from Ad are the relative intensities of the nucleic
acid bands compared to the other bands in the spectrum, and
the absence of strong nucleic acid bands at higher wave
number positions.

For the SERS HIV spectrum (Figure 2c), the Raman bands
at 643 cm-1, 719 cm-1, 848 cm-1, 1002 cm-1, 1371 cm-1,
1454 cm-1, and 1523 cm-1 can be assigned to guanine,
adenine, Tyr, Phe, theνsCOO- stretch of Trp, CH2 deforma-
tion band and theνaCOO- of Trp, respectively. Notable
differences in the SERS HIV spectra compared to Ad or
rhino are the shifted spectral positions of the guanine band
(643 cm-1) and the adenine band (719 cm-1), and the
presence of a band at 1523 cm-1 in the HIV spectrum that
is absent in the spectra of the other two viruses. Based on
the differences in the SERS spectra, it was possible to
distinguish between the three viruses investigated in this
study. This result highlights the potential of SERS as a tool
to rapidly detect and identify different viral pathogens in trace
amounts in diminutive specimen volumes in real-time.

To show that SERS virus detection is not confounded by
the biological media supporting the virus, we compared the
SERS spectra of uninfected Vero cell lysate (VCL), RSV-
infected Vero cell lysate (RSV), and purified RSV (Figure
3). The results show that major Raman bands can be assigned
to different constituents of the cell lysate and the virus, such
as nucleic acids, proteins, protein secondary structures, and
amino acid bonds present in the side chains or backbone. It
should be noted that blank Ag nanorod SERS substrates
produced using OAD methods normally have background
spectral contributions that have previously been attributed
to carbonaceous material adsorbing onto the substrate during
the fabrication of the SERS substrate and storage in ambient
conditions.24 Such background signals are commonly en-
countered in SERS. However, these bands were found to
remain unchanged throughout the studies and exposure to
laser radiation did not affect their position or intensities. The
bands present in the figures that may have underlying
contributions from substrate background signals have been
identified with asterisks.

Virus spectra collected from multiple spots on the SERS
substrate were similar except for minor differences in relative
band widths and intensities. In the SERS spectrum of purified
RSV (Figure 3c), the bands at 527 cm-1 and 546 cm-1 can
be assigned to a disulfide stretching mode.6,22 The strong
band at 837 cm-1 may have some contribution from the
background signal of the substrate; however, the band
position corresponds to a Tyr. The main feature of this
spectrum is a strong band at 1044 cm-1 that has been
assigned to the C-N stretching vibration in previous SERS
studies.1,23Since RSV has spike-like glycoprotein projections
on the membrane envelope comprising two major glycopro-

Figure 2. SERS spectra of (a) adenovirus (Ad), (b) rhinovirus
(rhino), (c) and HIV viruses. Raman bands can be assigned to
chemical constituents such as nucleic acid bases, amino acids, and
proteins for all the spectra. The most prominent spectral features
observed in the spectra are at 654 cm-1, 730 cm-1, 1247 cm-1,
and 1326 cm-1 corresponding to guanine, the adenine ring vibration,
thymine, and adenine respectively. The Raman bands between 1580
cm-1 and 1700 cm-1 can be attributed to carbonyl groups on the
amino acid side chains and the Amide I vibration while the spectral
region near 1000 cm-1 has bands due top phenylalanine (1001 cm-1

and 1030 cm-1).
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teins, i.e., F and G glycoprotein, it is likely that the virus
binds to the SERS substrate through an amino group giving
rise to a strong band due to the C-N stretching mode.20 The
Raman band at 1456 cm-1 can be assigned to the CH2

deformation vibration arising from the proteins or the lipids
in the membrane. In the case of the SERS spectrum of the
uninfected VCL, the bands at 658 cm-1 and 730 cm-1 can
be assigned to the nucleic acids guanine and adenine,
respectively,18 while the other observed Raman bands in the
spectrum can be assigned to amino acids and Amide I and
III vibrations.20 The SERS spectrum of the RSV-infected cell
lysate shows several bands that are also observed in the VCL
spectrum and can be attributed to the constituents of cell
debris. However, strong bands can be observed at 1066 cm-1

(C-N stretch), 835 cm-1 (Tyr), and a doublet at 545 cm-1

and 523 cm-1 (disulfide stretch) that are present in the SERS
spectrum of the RSV-infected cell lysate, but not in the
spectrum of VCL. The appearance of these bands clearly
indicates the presence of RSV in the cell lysate. The
difference in the frequency of the C-N stretching mode
between the purified RSV and RSV-infected cell lysate is
most likely due to components in the VCL. The results
suggest SERS can readily detect a virus, e.g., RSV in a
variety of biological media.

Since SERS could detect and distinguish between different
viral pathogens (Figure 2), it was important to determine if
different viral strains from a single pathogen could be
distinguished. To address this possibility, influenza virus (flu)
A strain viruses A/HKx31, A/WSN/33, and A/PR/8/34 were
analyzed by SERS. Influenza is an enveloped virus with two
major glycoproteins on its surface, i.e., hemagglutinin and
neuraminidase which are used to differentiate influenza
subtypes. SERS analysis of the three strains of flu A and
the corresponding baseline corrected spectra (1300-500
cm-1) are shown in Figure 4. The main bands in the spectra
appear at 1206 cm-1 (Tyr), 1130 cm-1 ν(C-C), 1047 cm-1

ν(C-N), 1003 cm-1 (Phe), 885 cm-1 (Gly), 635 cm-1 (Tyr),
and 592 cm-1 (Gly) can be assigned to amino acid, protein,
and nucleic acid molecules. The band at 812 cm-1 has been
assigned to the phosphate backbone stretch of the RNA on
previous bulk Raman studies on viruses.28 The results suggest
that the spectra of the three viruses are similar; however,
there are differences in the relative intensities of the peaks
in the spectra. This could be due to a difference in the nature
of binding of the surface proteins of this particular virus on
the SERS substrate surface. Thus, SERS detection of flu
strain spectra is sufficiently different to allow identification
of individual strains in a complex mixture. This effect is most
evident in the spectral regions between 900-700 cm-1,
which show intensity differences as well as frequency shifts
in the spectra for the three flu strains.

The small variations in the individual SERS spectra of a
particular viral strain arise mostly due to slight heterogeneity
in substrate morphology and differences in orientation of the
components of the viruses on the substrate. To be able to
distinguish strains based on their SERS spectra, it is
important that the variations in the spectra of individual
strains are not greater than the differences between strains.

Figure 3. SERS spectra of (a) uninfected Vero cell lysate (VCL),
(b) RSV-infected cell lysate (RSV), and (c) purified RSV. Spectral
bands can be observed at 1066 cm-1 (C-N stretch), 835 cm-1

(tyrosine), and a doublet at 545 cm-1 and 523 cm-1 (S-S) that are
present in the SERS spectrum of the RSV infected cell lysate sample
but not in the spectrum of the uninfected cell lysate. The bands in
the spectra that may have some contribution from the background
signal of the SERS substrate are identified by asterisks.

Figure 4. SERS spectra of (a) A/HKx31 influenza virus (HKx31),
(b) A/WSN/33 influenza virus (WSN/33), and (c) A/PR/8/34 (PR/
8). Spectra collected from multiple spots for individual strains were
summed and normalized to the intensity of the most intense band.
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The spectra of individual viral strains obtained on the silver
nanorod substrates used in this investigation have a high
degree of reproducibility. SERS spectra of the RSV strains,
collected from separate spots on the substrate and from three
different substrates, were normalized with respect to the most
intense band in each spectrum and are displayed in Figure
5. The RSV strains examined were RSV A strains A/Long,
A2, ∆G, and the RSV B strain, B1. The region from 600-
1400 cm-1 is displayed since most of the differences between
the spectra are observed here. Looking at the overlaid spectra
of each individual strain it is apparent that there is a high
degree of spot-to-spot and substrate-to-substrate reproduc-
ibility. At the same time, from the stacked spectra it is
obvious that there are distinct spectral differences between
the RSV viral strains. To clearly show that the variability in
the spectra of individual strains do not prevent the ability to
discriminate between strains, the spectra of each strain shown
in Figure 5 were summed up and normalized with respect
to the most intense band and are overlaid in Figure 6. By
adding spectra from multiple spots, the variation arising due
to substrate surface heterogeneity and molecular orientation
can be compensated to enable a “variable-independent”
comparison. Based on the findings for influenza virus strains
(Figure 4), and the observation that primary Raman bands
arise due to surface proteins and nucleic acids, minor but
notable differences were expected in the Raman spectra for
RSV strains. The SERS spectrum of A/Long (Figure 6a)
differed from the other RSV spectra in band frequency of
the main band in the spectrum that is due to the C-N stretch
occurring at 1055 cm-1 compared to 1042-1045 cm-1 for
the other RSV strains and bands unique to A/Long observed
at 877 cm-1 and 663 cm-1. It is likely that the different

spectrum observed for A/Long virus relates to the different
nucleic acid composition and the proteins present on the viral
envelope. There were also differences in the SERS spectra
between RSV A strains and the B1 strain. The differences
that distinguished the SERS A strain spectra from the SERS
B strain spectrum include the relative intensities of the
nucleic acid bands compared to the other bands in the
spectrum.

To investigate the sensitivity and analytical utility of the
SERS methodology, several dilutions of the RSV∆G virus
were analyzed. RSV∆G virus solutions of different titers
were prepared by dilution with deionized water and 0.3µL
of the solutions were applied to the Ag nanorod array
substrates and allowed to dry and five spectra were collected
from different locations on the substrate for each concentra-
tion. Figure 7 plots the peak area of the main band at 1045
cm-1 against the RSV∆G virus concentration. The concen-
trations of the diluted solutions were calculated from the
volume of water used for the dilutions. As is evident from
the plot, as the concentration of the viral solution is
decreased, the SERS intensity decreases linearly from 103

PFU/mL over 2 orders of magnitude. However, the intensity
begins to plateau or even decrease at concentrations above
103 PFU/mL. This behavior is not uncommon and similar
findings of decreasing signal with increasing concentration
have been reported for SERS substrates with an adsorbate
coverageg0.01 monolayer.16 Although at this stage minimal
effort was placed on determining the lowest detectable titer,
values as low as 100 PFU/mL were readily detectable.

Figure 5. SERS spectra of the RSV strains (a) strain A/Long (A/
Long), (b) strain B1 (B1), (c), strain A2 with a G gene deletion
(∆G), and (d) strain A2 (A2), collected from several spots on
multiple substrates and normalized to the peak intensity of the most
intense band (1045 cm-1) and overlaid to illustrate the reproduc-
ibility on the Ag nanorod substrate.

Figure 6. Summed SERS spectra of the individual RSV strains
(a) strain A/Long (A/Long), (b) strain B1 (B1), (c), strain A2 with
a G gene deletion (∆G), and (d) strain A2 (A2) to show the
differences between strains after compensating for substrate het-
erogeneity. The spectra were baseline corrected and smoothed for
a clearer view of the spectral differences.
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Discussion.There is a critical need for a rapid and reliable
means of detecting very low levels of viruses which may
cause disease in both human and animals and pose a
significant threat as an agent of bioterrorism. Current viral
diagnostic methods are cumbersome, time-consuming, and
have limited sensitivity. The emergence of nanotechnology
holds the promise of developing biosensors that will allow
for the direct, rapid, and sensitive detection of infectious
agents. Among the biosensing methods being explored in
virus research, SERS has gained particular interest over the
past few years due to its ability to simultaneously provide
extremely low detection limits as well as structural and
quantitative information about the analytes.17,25 Recent
development of nanofabrication techniques employing ob-
lique angle deposition allow for the production of Ag nanorod
substrates that exhibit extremely high (∼108) SERS enhance-
ment factors,3,30 thus providing novel and powerful biosens-
ing methods.

The SERS spectra associated with the nanostructured metal
substrate and analyte of interest provides rapid detailed
fingerprint information about the molecular composition of
the adsorbed biomaterial in a nondestructive manner. The
technology and methodology to acquire and interpret bio-
logical SERS spectra is currently available and relatively
easily applied. The results of these studies show that the
SERS spectra of viruses can be used to rapidly distinguish
between viruses and virus strains, thus serving as a rapid
and reproducible means to molecularly fingerprint viruses.
These results also suggest that is possible to use SERS to
collect the spectra of various viruses and virus strains to
develop a reference library of vibrational Raman fingerprints
that can be used to rapidly and accurately identify viruses
in very small (0.5-1.0 µL) volumes.

Conclusions.Compared to previous studies relying on
bulk Raman analysis of viruses, the SERS studies shown
here represent a dramatic biotechnological advancement
allowing for more rapid observation of Raman spectra of

extremely small amounts and concentrations of analyte,
particularly since the spectra can be obtained with greatly
reduced data accumulation times and incident laser powers.
The speed, specificity and relative ease of implementation
of the SERS technique make it a very important alternative
to current viral diagnostic tools and methodologies, and offers
new virus detection means that are central to human health
care.
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