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Abstract There is a critical need for a rapid and sensitive
means of detecting viruses. Recent reports from our laboratory
have shown that surface-enhanced Raman spectroscopy
(SERS) can meet these needs. In this study, SERS was used
to obtain the Raman spectra of respiratory syncytial virus
(RSV) strains A/Long, B1, and A2. SERS-active substrates
composed of silver nanorods were fabricated using an oblique
angle vapor deposition method. The SERS spectra obtained
for each virus were shown to posses a high degree of
reproducibility. Based on their intrinsic SERS spectra, the
four virus strains were readily detected and classified using the
multivariate statistical methods principal component analysis
(PCA) and hierarchical cluster analysis (HCA). The chemo-
metric results show that PCA is able to separate the three virus
strains unambiguously, whereas the HCA method was able to
readily distinguish an A2 strain-related G gene mutant virus
(AG) from the A2 strain. The results described here
demonstrate that SERS, in combination with multivariate
statistical methods, can be utilized as a highly sensitive and
rapid viral identification and classification method.
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Introduction

With the development of new antiviral drugs for respiratory
viruses, and the need to address emerging virus infections
or bioterrorism, rapid and sensitive detection methods are
critical for the control and prevention of disease. Current
antibody-based detection methods generally lack the sensi-
tivity that is required for low-level virus detection [1, 2]. To
overcome this limitation, polymerase chain reaction (PCR)-
based detection assays are often used but are cumbersome,
require amplification of pathogen, and are costly [3]. More
recently, analytical methods such as microcantilevers [4],
evanescent wave biosensors [5], immunosorbant electron
microscopy [6], and atomic force microscopy [7] have been
investigated as methods to overcome limitations of sensitiv-
ity and complexity involved in detection assays, but these
techniques are unable to discriminate between virus species
with reasonable sample throughput.

Surface-enhanced Raman spectroscopy (SERS) has
emerged as a powerful analytical tool that extends the possi-
bilities of vibrational spectroscopy to solve a vast array of
chemical and biochemical problems. SERS is an extension
of standard Raman spectroscopy, a vibrational spectroscopic
technique that provides high structural information content
[8] and one that has been used in biochemistry and in the life
sciences [9]. SERS differs from standard Raman scattering
in that the incoming laser beam interacts with the oscil-
lations of plasmonic electrons in metallic nanostructures to
enhance, by up to 14 orders of magnitude, the vibrational
spectra of molecules adsorbed to the surface [10, 11]. SERS
provides ultrasensitive detection limits, even approaching
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single molecule sensitivity [12, 13]. SERS has previously
been used to detect bacterial pathogens [14—17]. Recently,
there have been several reports of the use of SERS for virus
detection by either direct spectroscopic characterization of
the intact virus [18], indirect detection of virus biomarkers
[19], or by the use of reporter molecule sandwich assemblies
[20].

We have recently shown that silver nanorod arrays
fabricated using an oblique angle deposition (OAD) method
act as extremely sensitive SERS substrates with enhancement
factors of greater than 10® [21, 22]. OAD is a vapor deposition
nanofabrication method that produces silver nanorods when
the substrate (a smooth 500-nm silver thin film) is tilted at an
86° angle relative to the silver vapor source [21]. The length
of the nanorods increased monotonically as a function of
vapor deposition time; the substrates used in the current study
had an overall rod length of 868+95 nm and the diameter of
the nanorods was 99+29 nm. The density of the nanorods
was calculated to be 13.3+0.5 rods pum 2 with an average tilt
angle of 714+4° with respect to substrate normal. These
nanorod deposition conditions were previously determined to
be optimal for SERS studies [21, 22].

Nanorod-based SERS (NR-SERS) was previously shown
to rapidly (30-50 s) detect different virus types in minute
specimen volumes (0.5-1.0 pL) without biochemically
manipulating the virus [18]. In the current study, we used
NR-SERS to determine if we could rapidly detect respira-
tory syncytial virus (RSV) strains, and via multivariate
statistics, differentiate and classify individual RSV strains
based solely on their intrinsic SERS spectrum. RSV strain
A2, RSV strain A/Long, and RSV strain B1 were used in
the analyses. As a control, we also determined if we could
differentiate between wild-type RSV strain A2 and a
recombinant G gene deletion mutant virus derived from
strain A2 (AG).

Materials and methods

All RSV strains were propagated using Vero cells main-
tained 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). At day 3 post-infection, the virus was
harvested in serum-free DMEM by two freeze-thaw cycles
(=70 °C/4 °C), after which the contents were collected
and centrifuged at 4,000 g for 15 min at 4 °C. The virus
titers were similar and ranged between 5x10° and 1x
10" PFU mL™" determined by immunostaining plaque assay
as previously described [23].

Collection of SERS virus spectra was performed using a
near-IR confocal Raman microscope system (Hololab Series
5000, Kaiser Optical Systems, Inc., Ann Arbor, MI) as
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previously described [18]. For chemometric analysis, a
single droplet of each virus solution was applied to three
different substrates from different batches and the Raman
spectra were collected from different locations on the
substrate. A total of 70 spectra were used in the analysis.
Before statistical analysis, spectra were smoothed using
seven-point binomial function to remove systematic noise
due to the detector and then baseline corrected using
GRAMS/32 Al version 6.0 (Galactic Industries Corporation)
[24]. The spectra were then imported into Unscrambler
version 9.6 (CAMO Software AS) software, where each
spectrum was mean-centered and normalized with respect
to its most intense band prior to chemometric analysis [24].

Results and discussion

It is important to note that the ability to distinguish viral
strains using their intrinsic SERS spectra requires that the
variability in the spectra of the individual strains themselves
is greater than the variance due to inconsistencies in sample
preparation and substrate morphology. Figure 1 shows the
SERS spectra of RSV strains A/Long, A2, AG, and Bl
collected from separate spots on an individual substrate, as
well as from three different substrates. The SERS virus
spectra presented in Fig. 1 have been baseline corrected and
normalized with respect to the most intense band in each
spectrum. To highlight the major observed differences
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Fig. 1 SERS spectra of the RSV strains used in this study (from

bottom to top): A/Long, Bl, AG (a recombinant strain A2 G gene

deletion mutant), and A2. Spectra were collected from several spots on

multiple substrates, normalized to the peak intensity of the most

intense band (1,045 cm™ '), and overlaid to illustrate the reproducibility
on the Ag nanorod substrate
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Fig. 2 Principal component analysis (PCA) scores plot of PC2 vs.
PC1 computed from the SERS spectra of the RSV strains A/Long (@),
Bl (¥), A2 (m), and the recombinant strain A2 G gene deletion
mutant (AG) ()

between the strains, the spectral region between 600 and
1,400 cm™' is displayed. The overlaid spectra of each
individual virus strain reveal a high degree of spot-to-spot
and substrate-to-substrate reproducibility. Figure 1 also
reveals that there are small but distinct spectral differences
in the SERS spectra between the RSV viral strains, in
particular the SERS spectrum of A/Long differs from the
other RSV spectra in that (1) the C-N stretch occurs at
1,055 cm ! compared with 1,042—1,045 cm ! for the other
RSV strains, and (2) unique bands appear at 877 cm ' and
663 cm ', It is likely that the spectral differences in the
various strain spectra relate to the unique nucleic acid and
protein compositions present on each viral envelope [18].
Significant spectral differences can also be observed between
the SERS spectra of the RSV A strains and the B1 strain.

These spectral differences can be used to uniquely identify
and classify the individual RSV strains by statistical means
using only their intrinsic SERS spectra, as described below.

The excellent spot-to-spot and substrate-to-substrate
reproducibility of the RSV spectra (Fig. 1) allows for multi-
variate analysis as a method for virus identification and
strain classification. The statistical basis for the application
of chemometric techniques to spectroscopy is well estab-
lished. Traditionally, interpretation of sets of sample spectra
has been accomplished by ‘unsupervised’ pattern recogni-
tion methods such as principal components analysis (PCA)
and hierarchical cluster analysis (HCA) [25]. PCA is a
method used for building linear multivariate models of
complex data sets using orthogonal basis vectors called
principal components (PCs) [26]. PCs model the statistically
most significant variations in the dataset and are primarily
used to reduce the dimensionality of the sample matrix
prior to the use of clustering methods. Once the PCs are
determined, each spectrum is assigned a score (value) for
each PC. Each spectrum can then be plotted as a single point
in a two-dimensional PCA scores plot to reveal clustering of
similar spectra. There are limited reports in which chemo-
metric methods have been applied to SERS spectra [27, 28].
The scarcity of use of chemometric methods with SERS
spectra can be attributed to the prerequisite of SERS
spectrum reproducibility. Figure 1 demonstrates that highly
reproducible SERS spectra of RSV strains are obtained
using our recently developed method for nanofabrication of
SERS substrates [18, 21], and that these spectra are suitable
for chemometric analysis.

Fig. 3 Hierarchical cluster anal- T T

ysis (HCA) dendrogram of the
combined RSV data set con-
taining a total of 70 spectra of
four RSV virus strains. The
dendrogram was calculated
using the K-means classification
based on the distance between
groups of scores of the first
seven principal components. For
legibility, strain classifications

o

are designated by color in this
figure: A/Long (), B1 (")), A2
(), and AG ()
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Table 1 Virus strain classification based on hierarchical cluster analysis (HCA)

Viral strain Correctly classified Falsely classified Also classified as Sensitivity” Specificity®
RSV A/Long 17 0 - 1.0 1.0

RSV Bl 17 0 - 1.0 0.92

RSV AG 15 2 A2(2) 0.88 0.94

RSV A2 12 7 AG(@3), B1(4) 0.63 0.96

 Probability of correctly classifying a SERS virus spectrum as belonging to the virus strain class (i.e., a true positive)
® Probability of correctly classifying a SERS virus spectrum as not belonging to the virus strain class (i.e., a true negative)

We analyzed the SERS spectra in Fig. 1 to determine
whether individual strains could be differentiated using
PCA. Figure 2 shows the PCA score plots of the first vs.
second principal components (PC1 vs. PC2) for the data.
All three viral strains were clearly separated into individual
clusters, i.e., A/Long, A2, and B1 viral strains. As predicted,
the AG and the A2 viruses cluster, reflecting the extremely
close biochemical similarity between these two virus strains.
Figure 2 also shows that the scores calculated from each
individual virus strains are randomly distributed within a
single cluster (i.e., no clusters within clusters are observed).
The presence of sub-clusters within a cluster could be
attributed to discrimination based on substrate heterogene-
ity or differences in sampling. However, as is evident in the
PCA scores plots, these are not confounding factors in this
analysis and do not contribute to the spectral classification.
This result is direct evidence that our OAD nanofabrication
process is sensitive and reproducible and can be used to
produce SERS substrates for virus identification.

Attempts to identify classes in the data with PCA scores
plots is limited due to the two-dimensional nature of the
scores plots. To further identify statistical differences
between the virus spectra more, information-rich PCs must
be included; thus, hierarchical cluster analysis (HCA) was
employed. Figure 3 shows the HCA dendrogram results for
the classification of the RSV strains into their respective
classes. The dendrogram was generated using K-means
classification [24] based on the distance between groups of
scores using the first seven principal components of the
data set. In this study, the first seven principal components
comprised 87.9% of all the variability in the data. HCA
demonstrated excellent classification results for the A/Long
and B1 strains in which 100% of the spectra were classified
correctly. In addition, this HCA analysis indicated separa-
tion between the spectra of the RSV A2 and AG strains
which is consistent with the G gene deletion difference
between the viruses. HCA identified 88% of the AG
spectra and 63% of the A2 spectra correctly, with most of
the mismatches occurring between these two extremely
biochemically similar strains. Table 1 shows the numbers of
correct and misclassified spectra calculated for each of the
RSV strains and AG virus using HCA.
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The results from these studies and others show that
SERS has the ability to simultaneously provide extremely
low detection limits (10° PFU mL™") in addition to
structural and quantitative information about the analytes
[18, 21]. Importantly, we extend these studies to show that
NR-SERS can be used to rapidly distinguish between virus
strains based on the SERS spectra, or molecular fingerprints
of viruses, using multivariate chemometric methods that
include PCA and HCA. The chemometric results from this
study show that PCA can be used to differentiate between
closely related strains of RSV (A2, A/Long, and B/1), and
HCA can be used to further differentiate viruses having a
single gene deletion (AG). The results described here show
that SERS, in combination with multivariate statistical
methods, is a highly sensitive and rapid viral identification
and classification method that can be broadly applied to
areas that facilitate disease intervention.
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