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ABSTRACT: We clarify an unconventional principle of the light-driven operation of a
biosensor for enhanced sensitivity with the help of random nanospikes added to the
surface of a nanohole array. Such a system is capable of optically guiding viruses and
trapping them in the vicinity of a highly sensitive site by an anomalous light-induced force
arising from random-nanospike-modulated extraordinary optical transmission and the
plasmonic mirror image in a virus as a dielectric submicron object. In particular, after
guiding the viruses near the apex of nanospikes, there are conditions where the spectral
peak shift of extraordinary optical transmission can be greatly increased and reach several
hundred nanometers in comparison with that of a conventional nanohole array without
random nanospikes. These results will allow for the development of a simple, rapid, and
highly sensitive virus detection method based on optical trapping with the help of random-
nanospike-modulated extraordinary optical transmission, facilitating convenient medical

diagnosis and food inspection.

lot of research on biosensors for virus detection has been

recently reported in fields such as clinical examination,
environmental measurement, food inspection, and biosecurity.
Conventional techniques to identify pathogenic viruses have
already been put to practical use on both laboratorial and
widespread commercial levels."”” That is the case, for example,
for the enzyme-linked immunosorbent assay (ELISA) method
with high specificity for proteins, identifying pathogenic viruses
by amplification of DNA in the sample solution via a
polymerase chain reaction. However, these methods are still
hampered by many problems such as the complexity of the
detection process, the cost of the fluorescent materials used for
detection, difficulties in the specific detection of unknown or
mutated viruses, and the detection methods depending on the
environment.” To improve such optical sensing technologies, a
sample optical response coupled with surface plasmon
resonance (SPR) in metallic nanostructures has been actively
studied; sensitive and label-free detection methods have thus
been developed, based on the spectral changes in SPR.* In
particular, a SPR-based technique named extraordinary optical
transmission (EOT) is attracting much attention because of its
potential application in sensors.” In EOT, a metallic thin film
with a periodic array of nanoscale holes, that is, a nanohole
array (NHA), is used, which exhibits strong optical trans-
mission properties at a particular wavelength. This phenomen-
on can be considered to result from the coupled mode of the
localized surface plasmon and propagating surface plasmon,
where the resonant wavelength of EOT depends on the
refractive index of the surrounding medium. Therefore, the
spectral peak shift in the EOT facilitates the specific detection
of target viruses when combined with selective capture of the
target viruses by antigen—antibody reactions on an antibody-
modified metallic film with NHA.®” The NHA-based sensor
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can be realized with simpler configurations than conventional
SPR-based sensors. For example, the Kretschmann config-
uration in a traditional SPR sensor requires a prism with
oblique light incidence to detect targets,® whereas the NHA-
based sensor requires only normal incidence.

It is well-known that the properties of localized SPR depend
strongly on the shape of the used metallic nanostructures; a
sharp pointed metallic structure, for example, can confine and
enhance the electric field of incident light in the vicinity of the
apex. In addition, when a dielectric object approaches the apex,
a well-known spectral shift based on the localized SPR mirror
image in the dielectric occurs; this phenomenon can be
employed in high-density optical storage’ and is also very
promising in NHA-based sensors. On the other hand, the
metallic nanoparticles can be densely and uniformly fixed on
the surface of micron objects,'”'" and their strong optical
response has been employed in the detection of nanoscale
biological targets such as DNA'? and proteins."® The sensitivity
of these sensors will be improved by strong localized light fields
around metallic nanostructures with a small curvature radius."*
In particular, a large spectral shift would be expected by the
adhesion of small biological targets to a sharp plasmonic
nanostructure like a spike structure.''® There is also the
further possibility of increasing sensor sensitivity by optically
guiding the viruses and trapping them in the vicinity of a highly
sensitive site like the apex region of a nanoscale s{)ike, based on
the optical trapping by light-induced force (LIF).'"~*" A NHA-
based sensor improved by dielectrophoresis has been
reported,”” which requires additional experimental equipment
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such as electrodes and oscillators in addition to the optical
system. However, optical trapping-mediated detection enables
us to remotely control the target and requires only the optical
system without electrodes.

Here, using these mechanisms to explore an unconventional
scheme for the sensitive detection of viruses, we investigate the
optical response of the coupled system of a NHA with random
nanospikes (RNSs) and a virus assumed as a dielectric
submicron object in conjunction with the optical guiding of a
target toward the observation region. We compare the spectral
modulations of EOT in the proposed NHA in the presence of
RNSs with those of the conventional NHA without RNSs,
based on the finite difference time domain (FDTD) method,”’
and the LIF acting on the target objects is evaluated using the
Maxwell stress tensor (MST) method.”*

To understand the difference in optical response of the
conventional NHA sensor (without RNSs, Figure 1a) and the
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Figure 1. Models of the conventional and proposed NHA sensors and
their fundamental optical responses. (a) Unit cell of the conventional
model (without spikes). (b) Unit cell of the proposed model with
RNSs. (c) Transmittance spectra T of both models, with n = 1.33.
(de) x—z distributions of the squared amplitude of electric field on
cross sections passing through the hole centers of models (a) and (b),
respectively, at the peak wavelength of each EOT: (A) 910 nm and
(B) 1030 nm.

proposed NHA sensor (with RNSs, Figure 1b), the trans-
mittance T of both sensors was evaluated under irradiation with
an x-polarized plane wave propagating in the —z direction. The
sensor areas shown in these figures correspond to the unit cell
of the FDTD simulations, where the following parameters were
used in the NHA model: a nanohole diameter of 240 nm, a film
thickness of 120 nm, and a spatial period of 600 nm for the
nanoholes. In Figure 1b, an undulation of RNSs in the NHA
surface is given as follows: the average z-position of RNS was
adjusted to the surface shown in Figure la, and the average
height was 18 nm, with an average period of 30 nm. These
values were carefully selected via preliminary calculations to
increase the sensitivity to as high as possible. A periodic
boundary condition was imposed on the x—y plane, whereas a
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perfect matched layer was imposed on the z-boundary. The
dielectric function of gold was obtained by fitting the
experimental data of Johnson and Christy.”” The surrounding
medium was assumed to be water (refractive index n = 1.33).
The edge lengths of the FDTD cubic mesh used for
calculations were 1 nm for gold and 1/34 of the shortest
wavelength in the calculated spectral range for all other regions.
The second vertical axis in Figure 1c shows the transmittance T
normalized by T, (the ratio of hole area to irradiation area, i.e.,
the geometric transmittance defined from the viewpoint of ray
optics considering the film as a perfect reflector). Therefore, a
normalized transmittance larger than unity implies that the
transmittance does not result from ray propagation in the hole
(light cannot propagate in a hole smaller than the half-
wavelength, in the first place) but results instead from SPR
excitation; thus EOT can be obtained. Figure 1c shows that the
peak wavelength of EOT is shifted from peak (A) 910 nm to
(B) 1030 nm by RNSs addition. The x—z distributions of the
squared amplitude of normalized electric field on a cross
section passing through a hole at each EOT peak wavelength
are shown in Figure 1d,e. Considering the strongly localized
electric field near the RNSs observable in Figure le, we can
expect the target viruses will be optically guided—and
trapped—by the LIF in the vicinity of the RNSs.

The spectral changes resulting from virus adhesion were also
evaluated. These changes are shown in Figure 2, where the
virus is represented by a dielectric sphere with a diameter of
300 nm and a refractive index of 1.58 (similar to the one of a
protein); the surrounding medium was changed to air (n = 1)
because it was assumed that after virus adhesion in water the
virus detection step (based on the spectral change) is
performed in dry conditions to increase the refractive index
contrast. Three different z-positions of the virus were assumed,
to consider the virus supported by the spikes or hole edge, as
shown in the insets of Figure 2a—c. However, because the z-
position of the virus greatly affects the extent of peak shift, the
same positions were assumed for other spike situations. In this
regard, the z-position (iii) in Figure 2ab seems to be an
unnatural situation that a virus overlaps spikes. However,
because a virus consists of organic soft materials such as
proteins, it can be easily deformed by nanospikes, as reported in
recent papers using a sharp probe tip”®~*® similar to a
nanospike; thus, such overlapping situations are worth
considering. In these situations, the dielectric function of the
metal overrode the dielectric constant of the virus in the
overlapped regions. Figure 2a shows peak shifts of 101 and 233
nm for virus attachment at (i) and (iii), whereas Figure 2c
shows 38 and 120 nm for (i) and (iii). This indicates the
possibility of large enhancement of the peak shift by the RNSs
in the range from 101 to 233 nm and confirms that RNSs
improve detection sensitivity. In addition, to clarify the
contribution of the nanospikes to the enhancement in the
peak shift, ideal nanospikes (INSs) were considered, where
“ideal” implies that the location of the nanospikes is ideal to
reproduce the spectrum behavior in the presence of RNSs.
Figure 2b indicates that INSs can also enhance the peak shift in
the range from 154 to 234 nm for (ii) and (iii). Interestingly,
the spectrum behavior of Figure 2b is very similar to that of
Figure 2a, and thus, it can be considered that the RNSs near the
hole edge are an especially sensitive region and contribute to
the enhancement in peak shift. As a result, in comparison with
the peak shift of 120 nm in Figure 2c, there is a possibility that
the amount of peak shift is largely increased in the range from
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Figure 2. Spectra of NHA transmittance before (black) and after (colored) spherical virus attachment. (a) With RNSs. (b) With INSs. (c) Without
nanospikes. The three different z-positions of virus (i), (ii), and (jii) were determined to place the virus on each metal structures of (a), (b), and (c),
respectively. The second vertical axis represents the normalized transmittance.

101 to 233 nm or from 154 to 234 nm by using RNSs or INSs,
as shown in Figure 2a,b. These peak shifts are attributed to the
interaction between a real image of localized surface plasmon in
RNSs or INSs and its mirror image in a spherical virus, and the
high dielectric constant of the virus close to a nanospike greatly
increases the strength of the mirror image effect.”””

The case for the adhesion of multiple viruses was also
considered. To compare the optical responses of NHAs with
and without RNSs independently of any particular adhesion
location, a film-shaped virus aggregate was assumed in Figure
3a,b (as shown in the insets of these figures); in this case, the
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Figure 3. Spectra of NHA transmittance for a film-shaped virus
aggregates attachment. (a) Without nanospikes. (b) With RNSs. The
plots are similar to those in Figure 2. The film thickness is 100 nm
except for the rough surface region in (b), where the bottom of the
film-shaped virus aggregate is fitted to the roughness.

refractive index of virus was changed to 1.1, under the
assumption that viruses adhere sparsely and randomly and that
their refractive index can be averaged in a manner similar to the
effective medium approximation. Further, in this case, the peak
shift was increased from 26 to 48 nm in the presence of RNSs.
These results indicate the possibility of great improvements in
the virus detection sensitivity of NHAs when the virus is
located in the vicinity of a sharp nanoscale structure.

To clarify the possibility of optically guiding the target
viruses, the LIFs acting on the viruses in water (n = 1.33) were
evaluated using the MST method, as per the following
equationm’24

(F) = </S dS T-n) 0
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where T = EE + HH — (1/2)(IEP + [HI*)I, E and H are the
response electric and magnetic fields, S is the surface area of a
virtual cube surrounding each dielectric sphere (the model for a
virus), and n is the unit normal vector of surface S. Figure 4a

(a)

(b) Position (i)
over hole

(c) Position (ii)
near apex

(d) Position (iii)
over film

Figure 4. (a) Virus model used to calculate the LIF with the MST.
(b—d) Three different virus positions used to calculate the LIF: (i)
over the hole, (ii) near the apex, and (iii) over the film. (6, is the
horizontal distance between the virus and the nanohole center.).

shows the overall calculation model, with the virus being
represented by a dielectric sphere with a diameter of 100 nm
and a refractive index of 1.58, located over the film at a distance
of , = 100 nm from the average RNS height, where the size of
a virus sphere was smaller to investigate the contribution of a
single apex. A laser intensity of 12.7 kW/cm?® was used in the
simulation, which corresponds to a laser intensity having 0.1
mW of power and a spot diameter of 1 ym. Three different x-
positions (i)—(iii) were considered for the virus, as shown in
Figure 4b—d. The calculated results of the x- and z-components
of the LIFs acting on the virus for each of the three considered
locations are shown in Figure 5, together with the transmittance
spectra. The dissipative force in the light propagation direction
(—z direction) resonantly pushes the virus toward the surface
of the NHA, and the horizontal gradient force (along the x
direction) attracts the virus to the apex of the RNS even though
the sphere intrinsically has no resonance in this wavelength
region. For the EOT wavelength 1031 nm corresponding to the
peak (B) in Figure lc, the LIF x-component is positive for
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Figure S. Results of the MST calculation. (a—c) LIF x- and z-
components and transmittance spectra for three different virus
positions. (d) Schematic image of the LIF x- and z-components for
1031 nm light, in accordance with (a—c).

position (i) and negative for position (iii), whereas it is almost
zero for position (ii), as shown in Figure Sa—c. On the other
hand, the z-component of the LIF is negative in all cases (the
same as the light propagation direction) and is especially
stronger for positions (i) and (ii). This result indicates the
possibility to optically guide floating viruses in water toward the
RNS apex under the laser irradiation of the EOT peak
wavelength (as illustrated in Figure 5d). The fact that the EOT
peak shift caused by the addition of RNS (shown in Figure 1c)
can be controlled by the RNS height and period allows the
adjustment of the EOT peak wavelength to a desired value.
Therefore, choosing, for example, 1064 nm, which is a typical
wavelength of the infrared laser for optical tweezers, the NHA
sensor can be easily combined with a simple system of optical
manipulation. Such a peak shift mechanism can be explained by
an analytical calculation with a discrete dipole approxima-
tion”” that such an enhancement of the LIF results from the
mirror image of the coupled mode of the localized SPR and
propagating SPR as the origin of EOT in a virus dielectric
sphere, when the virus gets close to the RNSs. Further, it has
been confirmed that each component of the LIF by a RNS-
added NHA can be twice as large as that by the flat surface
NHA without RNSs at the same z-position. These results
indicate that the synergetic effect of the mirror image and EOT
can be used for highly efficient optical guidance to the sensitive
detection site.

In conclusion, we have clarified the possibility of a highly
sensitive random-nanospike-added nanohole array virus sensor
with the help of optically guided trapping viruses in water using
light-induced force under extraordinary optical transmission
modulated by the mirror image effect. The spectral peak shift
caused by virus adhesion to nanospikes near a nanohole can be
significantly increased from several tens of nanometers to more
than a hundred nanometer after drying in comparison with the

373

conventional system without random nanospikes. The
mechanism can facilitate the development of a low-cost, simple,
rapid, and high-throughput virus detection method even in the
case of low virus concentrations since the self-assembling
method can be used for the production of random nanospikes
on the surface of the nanohole array. It is noteworthy to point
out that the optically guided trapping effect is achievable even
with a defocused, low-power vertical incident laser by using a
simple optical system. The presented results and the increased
comprehension of the phenomena involved will lead to the
development of localized light-guided nanohole array sensors
based on the trapping effect of light-induced force and the
enhanced peak shift obtained by the synergetic effect of mirror
image and extraordinary optical transmission. The discussed
principles will certainly foster the appearance of future
alternative methods for practical field diagnostics and thus
prevent the diffusion of various infectious diseases.
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