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ABSTRACT Fast and sensitive virus detection techniques, which can be rapidly deployed at multiple sites, are essential to prevent
and control future epidemics and bioterrorism threats. In this Letter, we demonstrate a label-free optofluidic nanoplasmonic sensor
that can directly detect intact viruses from biological media at clinically relevant concentrations with little to no sample preparation.
Our sensing platform is based on an extraordinary light transmission effect in plasmonic nanoholes and utilizes group-specific
antibodies for highly divergent strains of rapidly evolving viruses. So far, the questions remain for the possible limitations of this
technique for virus detection, as the penetration depths of the surface plasmon polaritons are comparable to the dimensions of the
pathogens. Here, we demonstrate detection and recognition of small enveloped RNA viruses (vesicular stomatitis virus and pseudotyped
Ebola) as well as large enveloped DNA viruses (vaccinia virus) within a dynamic range spanning 3 orders of magnitude. Our platform,
by enabling high signal to noise measurements without any mechanical or optical isolation, opens up opportunities for detection of
a broad range of pathogens in typical biology laboratory settings.
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Early detection of infectious viral diseases is a serious
public health, homeland security, and armed forces
issue. A number of viral outbreaks (e.g., H1N1 flu,

H5N1 flu, and SARS) in recent years have raised significant
fears that such viruses could rapidly spread and turn into a
pandemic similar to 1918 Spanish flu that killed more than
50 million people.1 A critical aspect of recognizing and
controlling future epidemics will be the development of rapid
and sensitive diagnostic techniques that can be quickly
deployed at multiple sites.2 Traditional detection methods
such as cell culturing, enzyme-linked immunosorbant assays
(ELISA), and polymerase chain reaction (PCR) are not readily
compatible with point-of-care use without the existence of
entensive infrastructure.3,4 Cell culturing is a time-consum-
ing, highly specialized and labor intensive process. In some
cases, viruses cannot be cultured at all.5 The ELISA technique
requires multiple steps and agents with a potential to create
quenching interactions.6 PCR, another powerful diagnostic
tool based on detection of nucleic fragments in clinical samp-
les, requires significant sample preparation and can be con-
founded by inhibitors within a clinical sample.7 PCR also
provides only an indirect test of the infection.8-10 Viral nucleic
acid fragments can be present in the host organism after the
infection has been “cleared” or effectively neutralized.8-10 In

addition, while PCR is a robust and accurate technique in
detecting known strains, it may not detect newly emerged
or highly divergent strains of an infections agent. An ex-
ample of this is the recent description of a new strain of
Ebola that was not identified in initial PCR-based diagnos-
tics.11 Therefore, highly sensitive/specific, compact, fast, and
easy to use virus diagnostics are needed to prevent further
spread at the onset of a viral epidemic.

Label-free biosensors have recently emerged as promis-
ing diagnostic tools for cancer and infectious diseases.12-24

These sensors circumvent the need for fluorescence/radioac-
tive tagging or enzymatic detection, and enable compact,
simple, inexpensive point-of-care diagnostics. Various sens-
ing platforms based on optical,12-17 electrical,22,23 and
mechanical18-21 signal transduction mechanisms have been
offered for applications ranging from laboratory research to
clinical diagnostics and drug development to combating
bioterrorism. Among these sensing platforms, optical detec-
tion methods are particularly promising. Optical biosensors
allow remote transduction of the biomolecular binding signal
from the sensing volume without any physical connection
between the excitation source and the detection channel.25,26

Unlike mechanical and electrical sensors, they are also
compatible with physiological solutions and are not sensitive
to the changes in the ionic strengths of the solutions.27,28

However, a drawback of the most currently used optical
biosensors is that they require precise alignment of light
coupling to the biodetection volume.15-17,24 As a result,
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these technologies are not particularly suitable for point-of-
care applications. Nanoplasmonic biosensors are distinctive
among photonic sensors as they allow direct coupling of the
perpendicularly incident light and constitute a robust sensing
platform minimizing the alignment requirements for light
coupling.12-14,29-32 This capability also opens up opportuni-
ties for multiplexed detection.29 In addition, the extraordi-
nary transmission (EOT) signals in plasmonic nanohole
arrays create an excellent detection window enabling spec-
tral measurements with minimal background noise and high
signal-to-noise ratios.33-35 In a recent work, we have dem-
onstrated a novel approach combining nanofluidics and
plasmonic sensing in a single platform enabling both the
resonant transmission of light and the active transport of
fluidics through the holes.35 With this newly developed
hybrid nanohole sensor, we achieved higher sensitivities and
faster sensor response times as a result of our lift-off-free
nanofabrication technique in combination with the targeted
analyte delivery scheme to the sensing surface.35-37 To our
knowledge, nanohole-based sensing platforms have not
been used for the detection of intact viruses in the past.
Questions remain for the possible limitations of the tech-
nique as the penetration depths of the surface plasmon
polaritons (SPP) are comparable to the dimensions of the
viruses.38-40

In this Letter, we demonstrate that the optofluidic nano-
plasmonic sensors enable direct detection of intact viruses

from biologically relevant media in a label-free fashion with
little to no sample preparation. Our interests are mainly
focused in detection and recognition of small, enveloped
RNA viruses. As a family, viruses that utilize RNA as their
genetic material make up many of the alarming new infec-
tious diseases (category A, B, and C biothreats) and are a
large component of the existing viral threats (influenza,
rhinovirus, etc). Some of these viruses, e.g., the Ebola
hemorrhagic fever virus, are both emerging infectious and
biological threat agents.41,42 Patients presenting with RNA
virus infections often show symptoms that are not virus
specific.43 Thus, there is great interest in developing sensitive
and rapid diagnostics for these viruses to help direct proper
treatment. Our sensing platform uses antiviral immunoglo-
bulins immobilized at the sensor surface for specific captur-
ing of the virions. Unlike PCR, our scheme allows us to take
advantage of group-specific antibodies, which have histori-
cally been able to identify a broad range of known and even
previouslyunknownpathogens(i.e.,novelmutantstrains).11,44

In addition, our detection platform is capable of quantifying
virus concentrations. Such quantitative detection makes it
possible to detect not only the presence of the intact viruses
in the analyzed samples but also the intensity of the infection
process. A dynamic range spanning 3 orders of magnitude
from 106 to 109 PFU/mL is shown in experimental measure-
ments proving that our platform enables label-free virus
detection within a concentration window ranging from

FIGURE 1. Three-dimensional renderings (not drawn to scale) and the experimental measurements illustrate the detection scheme using
optofluidic nanoplasmonic biosensors based on resonance transmissions due to extraordinary light transmission effect. (a) Detection
(immobilized with capturing antibody targeting VSV) and control sensors (unfunctionalized) are shown. (b) VSV attaches only to the antibody
immobilized sensor. (c) No observable shift is detected for the control sensor after the VSV incubation and washing. (d) Accumulation of the
VSV due to the capturing by the antibodies is experimentally observed. A large effective refractive index increase results in a strong red-
shifting of the plasmonic resonances (∼100 nm).
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clinical testing to drug screening. We also extended our
studies to show the suitability of this technology for envel-
oped DNA viruses (vaccinia virus).45 Another advantage of
this platform is that due to the nondestructive nature of the
detection scheme, captured virions and their nucleic acid
load (genome) can be used in further studies.46 In this study,
experiments are performed in ordinary biosafety level 1 and
2 laboratory settings without any need for mechanical or
light isolation, as expected from any practical technology.
This technology, enabling fast and compact sensing of the
intact viruses, could play an important role in early and
point-of-care detection of viruses in clinical settings as well
as in biodefense contexts.

Device Operation Principles. The detection scheme
based on our optofluidic nanoplasmonic sensor is illustrated
in Figure 1a,b. The device consists of a suspended nanohole
array grating that couples the normally incident light to
surface plasmons, electromagnetic waves trapped at metal/
dielectric interface in coherence with collective electron
oscillations.35,47-49 The extraordinary light transmission
resonances are observed at specific wavelengths, λres ap-
proximated by50-53

where the grating coupling enables the excitation of the
surface plasmons (Figure 1c,d). Here, a0 is the periodicity
of the array, and i and j are the grating orders. This
resonance wavelength is strongly correlated with the effec-
tive dielectric constant of the adjacent medium around the
plasmonic sensor.51,52 As biomolecules/pathogens bind to
the metal surface or to the ligands immobilized on the metal
surface, the effective refractive index of the medium in-
creases, and the red shifting of the plasmonic resonance
occurs.54 Unlike techniques based on external labeling, such
resonance shifting operates as a reporter of the molecular
binding phenomena in a label-free fashion and enables
transduction of the capturing event directly to the far field
optical signal.55-57 Exponential decay of the extent of the
plasmonic excitation results in subwavelength confinement
of the electromagnetic field to the metal/dielectric inter-
face.58 As a result, the sensitivity of the biosensor to the
refractive index changes decreases drastically with the
increasing distance from the surface, thereby minimizing
the effects of refractive index variations due to the temper-
ature fluctuations in the bulk medium.58

Figure 1d, demonstrates a typical set of experimental
end-point measurements for selective detection of vesicular
stomatitis virus (VSV) at a concentration of 109 PFU/mL.
Here, the transmission light spectra are acquired from an
optofluidic nanohole array of 90 µm × 90 µm with a
periodicity of 600 nm and an aperture radius of 220 nm.

Spectra are given for both before (blue curve) and after (red
curve) the incubation of the virus-containing sample. The
sharp resonance feature observed at 690 nm (blue curve)
with 25 nm full width at half-maximum (fwhm) is due to the
extraordinary light transmission phenomena through the
optically thick gold film. This transmission resonance (blue
curve) corresponds to the excitation of the (1,0) grating order
SPP mode at the metal/dielectric interface of the antibody-
immobilized detection sensor.50 After the incubation process
(enabling the diffusive delivery of analytes) with the virus-
containing sample, a strong red-shifting (∼100 nm) of the
plasmonic resonance peak is observed (red curve) in end
point measurements. This red-shifting is related to the
accumulated biomass on the functionalized sensing surface.
Such a strong resonance shift results in a color change of
the transmitted light, which is large enough to discern
visually without a spectrometer. For the unfunctionalized
control sensors (Figure 1c), a negligible red shifting (∼1 nm)
of the resonances is observed (blue vs red curves), possibly
due to the nonspecific binding events. This measurement
clearly demonstrates that optofluidic biosensors are promis-
ing candidates for specific detection of viruses. At lower
concentrations of viruses (<108 PFU/mL) spectral shifts are
more modest and require spectral measurements. However,
considering that concentrations of certain types of viruses
in infected samples reach concentrations comparable to our
visual detection limit, our platform offers unique opportuni-
ties for the development of rapid point-of-care diagnostics.59

Device Fabrication. A lift-off-free nanofabrication tech-
nique, based on positive resist e-beam lithography and direct
deposition of metallic layers, was developed to fabricate
optofluidic plasmonic biosensors.35 This scheme eliminates
the need for lift-off processes as well as operationally slow
focused ion beam lithography, which introduces optically
active ions. As a result, we achieved high-quality plasmonic
resonances (15-20 nm fwhm) and high figures of merit
(FOM ∼ 40) for refractive index sensitivities, which is
defined as shift per refractive index unit (RIU) divided by the
width of the surface plasmon resonances in energy units.35

The fabrication scheme is summarized in Figure 2. Initially,
free-standing SiNx membranes are created using a series of
photolithographic and chemical wet etching (KOH) pro-
cesses (not shown).60 The membranes are then covered with
positive e-beam resist poly(methyl methacrylate) (PMMA)
and e-beam lithography is performed to define the nanohole
pattern in the resist (Figure 2a). This pattern is transferred
to the SiNx membrane through a reactive ion etching process
(Figure 2b). After the removal of the resist with an oxygen
plasma etching process (Figure 2c), a photonic crystal-like
free-standing SiNx membrane is defined. Sequential deposi-
tion of the metal layers (5 nm Ti, 100 nm Au) results in free-
standing plasmonic nanoholes transmitting light at reso-
nance (Figure 2d).35 As demonstrated repeatedly in the
experiments, this scheme allows fabrication of metallic
nanohole arrays without clogging the openings with ex-

λres ≈
a0

√i2 + j2� εmεd

εm + εd
(1)
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tremely high yield/reproducibility and with minimal surface
roughness (Figure 2e,f).35

Virus Preparation. VSV and Virus Pseudotypes. Baby
hamster kidney (BHK) cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 7%
fetal bovine serum and 2 mM glutamine. Cells were grown
to 85-95% confluence and then infected with VSV (Indiana
serotype, Orsay strain) in DMEM at a low multiplicity of
infection (MOI ) 0.01). Twenty-four hours postinfection
(hpi), media were harvested and virus titer was determined
by plaque assay. We also used VSV that was engineered to
lack the VSV glycoprotein but contain the gene for the Ebola
glycoprotein. The resulting virus expresses the glycoprotein
from Ebola Zaire and incorporates this protein as its enve-
lope glycoprotein, a process known as pseudotyping. The
VSV pseudotyped with Ebola GP (PT-Ebola) was grown in a
similar fashion to that described for wild-type VSV, but
media were harvested at 48 hpi. Purified virus was obtained
through sedimentation of virus at 100000g for 1 h followed
by resuspension in PBS or 10 mM Tris pH 8.0. Resuspended
virus was checked for purity by sodium dodecyl sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) and Coo-
massie Blue staining, aliquoted and stored at -80 °C.
Vaccinia Virus. A549 cells were cultured in medium de-

scribed above. Cells were infected with Vaccinia (Western
Reserve strain) in DMEM at an MOI ) 0.01. Twenty-four
hours postinfection virus was harvested and virus titers
were determined via plaque assay. Aliquots were stored
at -80 °C.

Antibodies. 8G5 antibodies targeting the single external
VSV glycoprotein were a kind gift from Douglas S. Lyles
(Wake Forest). Antibodies were obtained from hybridoma
supernatants. Purification of 8G5 antibodies from hybri-
doma supernatants was accomplished by protein A purifica-
tion. M-DA01-A5 antibodies targeting the Ebola glycoprotein
were a kind gift from Lisa Hensley (The United States Army
Medical Research Institute of Infectious Diseases-USAM-
RIID). A33L antibodies against Vaccinia virus were a kind
gift from Jay Hooper (USAMRIID).

Surface Functionalization. Surfaces are immobilized
with protein A/G (Pierce, IL) at a concentration of 1 mg/mL
in PBS (10 mM phosphate buffer, 137 mM NaCl, and 2.7 mL
of KCl).61 Protein A/G is chosen as a template for the
immobilization of the virus-specific antibodies due to its high
affinity to the Fc region of the IgG molecules.62,63 Protein
AG is a recombinant fusion protein that contains the four
Fc binding domains of protein A and two of the protein G.
Unlike protein A, the binding of chimeric protein A/G is less
dependent upon the pH. The elimination of the nonspecific
binding regions to the serum proteins (including albumin)
makes it an excellent choice for immobilization of the
immunoglobulins. Proper orientation of the antibodies is
imposed by this template (Figure 3a).63

Antibody Immobilization. Specific detection of viruses
in a label-free fashion requires an effective method to
distinguish nonspecific binding of the viruses to the optof-
luidic plasmonic sensor surface. Selectivity is achieved by
surface immobilized highly specific antiviral immunoglobu-
lins showing strong affinity to the viral membrane proteins,
called glycoproteins (GP).64 GPs are presented on the outside
of the assembled virus membrane and bind to receptors on
the host cell membrane in order to enter the cell. Antibodies
that recognize the VSV-GP (8G5),65,66 that recognize Ebola-
GP (M-DA01-A5), and that recognize Vaccinia-GP (A33L)67

were spotted on an array of sensors at a concentration of
0.5 mg/mL in PBS (Figure 3a). The sensitivity of any immu-
noassay is highly dependent on the spotting of the antibod-
ies. Higher concentrations of antiviral antibodies with re-
spect to the virion concentrations are needed [virion] < [IgG],
so that the spectral shift is proportional to the concentration
of the virions instead of being limited by the antiviral
immunoglobulin concentration.68 After 60 min of incuba-
tion, unbound antibody was removed by a three-step postin-
cubation washing process. No blocking agent was needed
to block the antibody-free protein A/G surface, since the
viruses do not directly bind to the protein A/G functionalized
surface.61

The successful functionalization of the sensing surface is
monitored with end-point measurements after each incuba-

FIGURE 2. Fabrication process is summarized. (a) Free-standing
membranes are spin coated with positive e-beam resist, and e-beam
lithography is performed. (b) The nanohole pattern is transferred
to SiNx membrane through RIE processes. (c) Oxygen cleaning
process results in a free-standing photonic crystal-like structure. (d)
Metal deposition results in a free-standing optofluidic nanoplas-
monic biosensor with no clogging of the holes. (e) Scanning electron
microscope images of patterned SiNx membrane is shown before
gold deposition. (f) Gold deposition result in suspended plasmonic
nanohole sensors without any lift-off process. No clogging of the
nanohole openings is observed (inset).
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tion and washing processes. As shown in Figure 3b, the
accumulated biomass on the sensing surface results in red-
shifting of the air (1,0) resonance (black curve) due to the
increasing local refractive index at the metal/dielectric of
interface of the nanoplasmonic biosensor. Initially, a red
shifting for about 4 nm was observed (blue curve), after the
protein A/G funtionalization. Protein A/G template is then
used to immobilize the 8G5-VSV specific antibodies at a
concentration of 0.5 mg/mL. A spectral shift of 14 nm (red
curve) is observed after the antibody immobilization, con-
firming the successful functionalization of the surface.

Reference Sensors. Reference sensors were incorporated
into the chip design to correct for any drift and noise signal
due to the unexpected changes in the measurement condi-
tions or nonspecific binding events. Two different types of
spotting conditions, one functionalized with protein A/G only
and one without any functionalized biomolecules, were
tested to determine the optimum configuration for the
reference sensors. For the control sensors functionalized
with protein A/G, it was observed that after the introduction
of the antibodies to the detection sensor, a red shifting of
the resonance is observed. This observation is associated to
the relocation of the antiviral immunoglobulins, during the
washing processes, from antibody immobilized detection
spots to the protein A/G immobilized control spots as a result
of the high affinity of the protein A/G to the IgG antibodies.

On the other hand, for the reference sensors with no protein
A/G layer, red shifting of the resonance after the introduction
of the viruses was minimal. Accordingly, unfunctionalized
nanohole sensors were used for the reference measurements.

PT-Ebola and Vaccinia Virus Detection. For broad
adaptability of our platform, detection of hemorrhagic fever
viruses (e.g., Ebola virus) and poxviruses (e.g., monkeypox
or variola, the causative agent of smallpox) is an important
test. These viruses are of particular interest to public health
and national security.41,69 Though we were not able to
directly test these viruses because of biosafety consider-
ations, we use a genetically derived VSV-pseudotyped Ebola
(PT-Ebola), where the Ebola glycoproteins are expressed on
the virus membrane instead of the VSV’s own glycopro-
tein.70 PT-Ebola is a viable surrogate to analyze the behavior
of Ebola, since the expressed glycoprotein folds properly and
is fusion competent. The pseudotyped viruses have been
successfully used as vaccine against Ebola in nonhuman
primate models and can be used at lower biosafety levels
(BSL2 versus BSL4).

For these experiments, antibodies against the Ebola
glycoprotein were immobilized on the 9 of 12 sensors on a
single chip, while three sensors were reserved for reference
measurements. Successful functionalization of the protein
A/G and the antibodies was confirmed by spectral measure-
ments (Figure 4a). Following the immobilization of the
antibodies, PT-Ebola (at a concentration of 108 PFU/mL) in
a PBS buffer solution) was added onto the chips and incu-
bated for 90 min. After the washing process, transmission
spectra were collected (Figure 4a). Consistent red shifting
of the plasmonic resonances was observed on antibody-
coated spots indicating PT-Ebola detection (g14 nm red
shift), while reference sensors showed no spectral shift (red
bars, Figure 4b). This occurred with high repeatability (nine
of nine sensors) and excellent signal-to-noise ratios. Simi-
larly, we tested our platform for the detection of enveloped
DNA poxviruses. To do this, we utilized Vaccinia virus, a
poxvirus that is commonly used as a prototype for more
pathogenic viruses such as smallpox and monkeypox.71 A
similar approach (A33L Vaccinia antibody and immobilized
on 9 of 12 sensors, incubation with intact vaccinia virus at
the same concentration of 108 PFU/mL) yielded similar
positive results to those seen with Ebo-VSV (Figure 4c). All
of the nine sensors detected the virus, while all of the
reference sensors indicated minimal binding (Figure 4d).

For sensors close to the spotted sample edges, both
weaker (8 nm in the case of Vaccinia virus) and stronger
(20-21 nm in the case of pseudo-Ebola virus) spectral shifts
were observed. This is related to the nonuniform virus
concentrations around the spot edge. Measurements ob-
tained from multiple sensors improved the robustness of the
assay. Repeatability of the measurements was readily ob-
served; all functionalized nanohole sensors showed a con-
sistent shift ranging from 14 to 21 nm (Figure 4b,d). This
observation shows a clear quantitative relation between the

FIGURE 3. (a) Immunosensor surface functionalization is illustrated
in the schematics. Antiviral immunoglobulins are attached from
their Fc region to the surface through a protein A/G layer. (b)
Sequential functionalization of the bare sensing surface is illustrated
(black) for the optofluidic nanohole sensors with a sensitivity of FOM
∼ 40. Immobilization of the protein A/G (blue) and viral antibody
monolayer (red) result in the red shifting of the EPT resonance by 4
and 14 nm, respectively.
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spectral shifts and virus concentrations. Such quantification
is less straightforward with techniques based on fluorescent
labeling (ELISA). Although Vaccina viruses have relatively
larger dimensions than the PT-Ebola viruses, comparable
spectral shifts are observed. This observation clearly indi-
cates that the capturing efficiency of the viruses, thus the
accumulated biomass, is not only controlled by the concen-
trations of the virions but also controlled by the affinity of
the virus-IgG interactions.72 Without doubt, strength of such
interactions is strongly affected by the complex mixture of
the envelope proteins and the surroundings of the viral
subunits.72,73 In fact, the structure and the conformational
state of the membrane incorporated glycoproteins may
strongly differ from those of the purified ones.72 Accordingly,
techniques based on detection of recombinant and refined
virus specific proteins or viral peptides are not suitable for
medical studies of in vivo behavior of live viruses. Instead,
techniques enabling direct detection of entire viral particles
in medically relevant biological media are needed. While
most studies in this field are confined to detection of
individual viral components such as glycoproteins and
nucleic acids, we demonstrate that our detection platform
enables direct detection of intact viruses.73,74

Virus Detection in Biological Media. To demonstrate the
applicability of our detection platform in biologically relevant
systems, we extended our experiments to the detection of
intact viruses directly from biological media (cell growth
medium +7% fetal calf serum). These conditions provide a
number of potentially confounding factors (high serum
albumin levels, immunoglobulins, and growth factors) that
could add unwanted background signal; thus this was an
important test for the robustness of our detection system.
In Figure 5, it is shown that the initial Pr-AG functionalization

(1 mg/mL) resulted in 4 nm red shifting of the resonances.
Subsequently, anti-VSV (0.5 mg/mL) immobilization was
confirmed with the ∼15 nm red shifting of the resonances.
Finally, VSV was applied to the chips at a concentration of
106 PFU/mL in a DMEM/FBS medium. Measurements, fol-

FIGURE 4. Detection of PT-Ebola virus (a) and Vaccinia (c) viruses shown in spectral measurements at a concentration of 108 PFU/mL. (c, d)
Repeatability of the measurements is demonstrated with measurements obtained from multiple sensors (blue). Minimal shifting due to
nonspecific bindings is observed in reference spots (red). Here, the detection sensors are functionalized with M-DA01-A5 and A33L antibodies
for capturing PT-Ebola and Vaccinia viruses, respectively.

FIGURE 5. Applicability of our detection platform in biologically
relevant systems is demonstrated in virus detection measurements
performed in cell culturing media. (a) Nonspecific binding to the
control spots results in a 1.3 nm red shifting of plasmonic reso-
nances. Note that measurements are also obtained for the control
spot after each incubation process, although the control sensor
surfaces are not functionalized with protein A/G and antibody. (b)
A resonance shift of 4 nm is observed for the detection sensor
resonance showing that the specific capturing of the intact viruses
at a low concentration of 106 PFU/mL is clearly distinguishable at
the antibody functionalized sensors.
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lowing an incubation period of 90 min and postwashing
processes, showed a 4 nm resonance shift for the antiviral
immunoglobin functionalized spots. In reference sensors,
red shifting of the resonances was also seen, but it was
limited to only 1.3 nm due to the nonspecific binding of the
serum proteins. The specific capturing of the intact viruses
at a low concentration of 106 PFU/mL is clearly distinguish-
able at the antibody functionalized sensors. This observation
demonstrates the potential of this platform for clinical
applications. Due to our ability to quantify nonspecific
binding on an individual chip, the presence of a small
amount of background does not pose a fundamental bottle-
neck for the viability of this technology. In fact, this technol-
ogy is sufficient for microbiology laboratories involving
culturing of the viruses. In addition, it is likely that the
technology can be adapted “as is” for successful diagnosis
of herpesvirus, poxvirus, and some gastroenteric infections,
since a detection limit of 107-108 PFU/mL is usually suf-
ficient for clinical applications.59 Given that the resolution
limit of detection system is 0.05 nm, it is likely that much
lower concentrations (<105 PFU/mL) can be detected with
the current platform. Background shifting due to the non-
specific binding could be a problem at lower concentrations
of analytes; however this limitation can be considerably
reduced and significant improvements in detection limits of
the devices can be achieved by optimizing the surface
chemistry.

Conclusion. The present study provides a proof-of-
concept biosensing platform for fast, compact, quantitative,
and label-free sensing of viral particles with minimal sample
processing. We demonstrate that the extraordinary light
transmission phenomena on plasmonic nanohole array can
be adapted for pathogen detection without being con-
founded by the surrounding biological media. The sensing
platform uses antiviral immunoglobulins immobilized at the
sensor surface for specific capturing of the intact virions and
is capable of quantifying their concentrations. Direct detec-
tion of different types of viruses (VSV, PT-Ebola, and Vac-
cinia) are shown. A dynamic range spanning 3 orders of
magnitude from 106 to 109 PFU/mL is shown in experimen-
tal measurements corresponding to virion concentration
within a window relevant to clinical testing to drug screen-
ing. Moreover, projected low detection limits (<105 PFU/mL)
of the viruses in biologically relevant media clearly demon-
strate the feasibility of the technology for earlier diagnosis
of viruses directly from the human blood. It is important to
note that the ease of multiplexing afforded by this approach
is a crucial aspect of the biosensor design. The optofluidic
plasmonic sensors can be readily expanded into a multi-
plexed format, where the various viral antibodies are im-
mobilized at different locations to selectively detect the
pathogens in an unknown sample. The advantage of the
optofluidic plasmonic sensor is its ability to detect intact virus
particles and identify them without damaging the virus struc-
ture or the nucleic acid load (genome), so that the samples

could be further studied.46 The proposed approach opens up
biosensing applications of extraordinary light transmission
phenomena for a broad range of pathogens and can be directly
utilized in typical biology laboratory settings.
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