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Abstract: In this research, we investigate the electromagnetic behavior of a metallic thin-film
with a periodic array of subwavelength apertures when dielectric objects are located on it. The
influence of size, geometry and optical properties of the objects on the transmission spectra
is numerically analyzed. We study the sensitivity of this system to changes in the refractive
index of the illuminated volume induced by the presence of objects with sizes from hundreds of
nanometers (submicron-sized objects) to a few microns (micron-sized objects). Parameters such
as the object volume within the penetration depth of the surface plasmon in the buffer medium
or the contact surface between the object and the nanostructured substrate strongly affect the
sensitivity. The proposed system models the presence of objects and their detection through the
spectral shifts undergone by the transmission spectra. Also, we demonstrate that these can be
used for obtaining information about the refractive index of a micron-sized object immersed in
a buffer and located on the nanostructured sensitive surface. We believe that results found in
this study can help biomedical researchers and experimentalists in the process of detecting and
monitoring biological organisms of large sizes (notably, cells).
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1. Introduction

Nanotechnology has revolutionized science over the last years. In particular, the interaction
of electromagnetic radiation with metals at the nanometric scale has opened a new research
field. In presence of electromagnetic radiation, free electrons in the metal oscillate with the
same frequency as the incident radiation, giving rise to surface plasmons (SP’s). These are
called localized (LSP’s) when this phenomenon occurs in metallic nanoparticles. At certain
frequencies of the incident radiation, these oscillations resonate, leading to resonant surface
plasmons (localized for nanoparticles)
Following diffraction theory, in 1944 Bethe theoretically predicted that transmission through

a circular subwavelength hole (normalized to its area) perforated in an infinitely thin perfect
conductor filmwas directly (inversely) related to the fourth power of radius (wavelength of incident
light) [1]. However, experimental results were not consistent with such theoretical predictions [2].
In particular, when incident light goes through a periodic array of subwavelength apertures
perforated in a metallic thin-film, resonance peaks are clearly observed in the transmission spectra.
These resonances constitute what is known as the Extraordinary Optical Transmission (EOT)
phenomenon, where surface plasmons (SP’s) play an important role [2, 3].

SP’s are inhomogeneous waves which appear at the interface between two media with opposite
sign in the real part of their permittivity, for instance, at the interface of a dielectric and a metal.
This is also the case of a metallic thin-film (tens of nanometers) perforated with a periodic array
of subwavelength apertures, sandwiched between two dielectric media, one acting as a supporting
substrate (usually glass) and the other as a medium (buffer + “contaminant” material) whose
optical properties are of interest. In this situation, the electromagnetic radiation is confined in the
proximities of the metallic surface and propagating through it in form of evanescent waves.
Since the excitation wavelength of the SP’s strongly depends on the dielectric constant of
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both the dielectric medium to be sensed and the metallic thin-film, small changes in the optical
properties of the dielectric medium manifest as spectral shifts of the position of the transmission
resonances. This is one of the main reasons why plasmonic metallic nanostructures have been
vastly investigated and proposed for applications in label-free biosensing, polarization control,
filtering, switching, nonlinear optics, Surface-Enhanced Fluorescence, Surface-Enhanced Raman
scattering and absorption spectroscopy [4–7]. In particular, they are ideal “nano-tools” for
detecting low concentrations of biological material, usually with sizes smaller than the incident
wavelength. In such case, it is important that the material is close enough to the dielectric-metal
interface so that it is inside the penetration depth of the plasmon in the buffer [8–14].
Many previous studies aiming to detect biological material located on a periodic array of

subwavelength metallic apertures draw on to effective medium theories in order to determine
the optical properties of the composite made by the buffer and the biological material [12]. In
general, the interest lies in detecting biological components whose size is in the nanometric range:
proteins, viruses, rests of RNA, etc. With the recent advances in liquid biopsies for diagnosis
purposes, biological objects whose size is in the micrometric range have to be considered (cells,
for instance) [15]. In particular, a blood sample is flowed through a microfluidic system built on a
nanostructured surface which has been previously biofuncionalized. Due to specific antibodies
(usually, EpCam), cells can be trapped on the surface of the nanostructured substrate [6,14,16–18].
The measurement of the spectral shifts of plasmonic resonances allows to detect the presence
of biological organisms or even count them (cells for instance) and to obtain information about
its optical properties. Furthermore, it has been recently demonstrated that refractive index is an
important optical factor to distinguish between cells of different nature. In general, cancer cells
show a global refractive index higher than that of healthy cells [19]. Many works dealing with
light scattering of micron-sized objects on flat substrates have revealed how the optical presence of
these objects alter the electromagnetic response of the substrates where they are located [20–30].
In this work, we study the electromagnetic response of the nanostructured system when the buffer
contains objects with sizes ranging from hundreds of nanometers (submicron-sized objects) to
microns (micron-sized objects). Even for submicron-sized objects, the considered sizes are larger
than those usually detected by using sensors based on LSP’s [31,32], which are smaller than tens
of nanometers.

A detailed study is performed as follows: Section 2 briefly reviews the theoretical background.
Section 3 shows the most important results. In particular, Section 3.1 is devoted to study the
spectral shifts in the transmission spectra as a consequence of introducing different number of
submicron-sized objects in the buffer and deposited on the sensitive substrate. The size of the
objects corresponds to that of large viruses and/or small bacteria. We analyze different geometries.
In particular, rectangular, circular and semicircular objects are considered in Sections 3.1.1,
3.1.2 and 3.1.3, respectively. They tend to mimic in a simple way, the geometries of different
biological microorganisms [33, 34]. Section 3.2 analyzes the electromagnetic behavior of a large
(micron-sized like eukaryotic cells) object on a nanostructured substrate. The flattening effect
is analyzed: cells are “flexible objects”, they change their morphology when interacting with a
substrate [35]. For instance, they spread on its surface when they are deposited on a flat surface.
Finally, Section 4 presents the most remarkable conclusions.

2. Theoretical methods

As stated in the introduction, SP’s play a basic role in the generation of the EOT phenomenon.
SP’s can be excited at the dielectric-metal interface and their dispersion equation is given by [36]

kSP =
ω

c

√
ε1ε
′
2

ε1 + ε
′
2

(1)
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ω being the frequency of the incident radiation, c the speed of light in vacuum, ε1 the dielectric
constant of the dielectric medium and ε ′2 the real part of the metal dielectric constant. This
equation does not consider neither any interactions due to periodicity nor the fact that the metallic
substrate is a thin-film.
According to Eq. (1), the SP wave vector is always larger than the wave vector of light in

vacuum. Thus, it is not possible to excite SP with photons. There are several ways of providing
the necessary extra-momentum using for instance attenuated total reflectance (ATR) couplers,
gratings couplers, etc [13,14,37–39]. In this paper, a periodic nanohole array is considered to
provide the extra-momentum [36]. In fact, the momentum matching condition is given by [40]

kSP = k | | ± iGx ± jGy (2)

k | | being the component of the incident wave vector parallel to the surface of the metallic film, i
and j integer numbers corresponding to the different orders of the reciprocal lattice and Gx , Gy

the vectors of the reciprocal lattice, whose modules are: |Gx | = |Gy | = 2π
P , where P is the lattice

period.
According to Eq. (2), when the periodicity of the lattice is taken into account, Surface

Plasmon-Bloch Waves (SP-BW’s) appear, whose dispersion relation is given by [8]

λSP =
P
√

ε1ε2
ε1+ε2√

i2 + j2
(3)

Our objective is to analyze the spectral response of a nanostructured system with either
submicron- or micron-sized dielectric objects on its surface and immersed in a buffer, so it is
necessary to know the SP’s penetration depth δε within the buffer. This magnitude determines
the length scale over which the SP’s modes are sensitive to changes in the system buffer +
object refractive index. δε depends on the wavelength of the incident radiation and the dielectric
constants of both the dielectric and metal media [12, 13, 37].

δε ≈

√
|ε ′2 |λ

2πε1
(4)

Figure 1 shows the penetration depth of SP’s in water (nw = 1.33) as a function of the incident
radiation wavelength when the metallic medium is made of gold [41]

All the numerical results shown in this research were obtained using COMSOL Multiphysics
[42]. Our simulation configuration consists of a periodic nanohole array (hole radius R = 90 nm)
perforated in a gold thin-film (thickness t = 60 nm) [41]. The period in x and y directions is
P = 500 nm. The selected values for these parameters were chosen according to previous studies
for obtaining high sensitivity to changes in the buffer refractive index in the visible spectral
region [43, 44]. The nanoarray is located on a glass substrate. Water is implemented as the
medium in which the objects are immersed since it reproduces the optical behavior (similar
refractive index) of buffer solutions used to keep the pH constant in biological samples. The
illumination consists of a plane wave polarized along the x axis and propagating along the z axis
(Fig. 2). Figure 2 shows a scheme of the 3D unit cell, which for numerical purposes, is repeated
periodically using Bloch conditions [42].
From a computational point of view, the 3D problem is very difficult to solve, mainly due to

the very high number of elements necessary to discretize the system (object + substrate). Without
loss of generality, in order to overcome this issue, we have transformed the 3D problem into a 2D
one as in previous works for solving similar electromagnetic problems [45,46]. As it is shown
later, a comparison of the transmission spectra for 2D and 3D configurations (by keeping fixed
the rest of geometrical parameters, period, hole size and film thickness) shows that although
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Fig. 1. Penetration depth δε of SP’s in the dielectric medium (water in this case nw = 1.33).
Gold was considered as the metallic material [41].

Buffer
Gold
Glass

z

xk

E

y

Fig. 2. Scheme of the unit cell used for simulating the periodic nanohole array in 3D. The
illumination consists of a plane wave propagating along the z axis and linearly polarized
along the x axis. k and E represent respectively the propagation direction and the polarization
of the incident radiation.

quantitative results are different, similar conclusions can be drawn concerning sensitivity in
detection. For both configurations, we focus on the analysis of the same EOT resonance. It is
due to SP’s propagating in the interface water-gold (XZ plane in Fig. 4). When the refractive
index of the buffer medium is increased, a spectral red-shift is observed. Furthermore, this shift
is higher for a 3D configuration than for a 2D one. Therefore, the sensitivity results shown for the
2D configuration can be considered an underestimation of what will be measured experimentally
with a realistic 3D arrangement [47, 48].

Figure 3(a) schematically represents the geometry used in the 2D COMSOL simulations. The
periodic array consists of a nanostructured gold thin-film of thickness t = 60 nm [41], where
nanoapertures of width W = 180 nm are perforated. The nanoapertures are filled with air and the
period is fixed to P = 500 nm. We follow the Cassie and Baxter approach [49]. This assumes that
the liquid forms a line of contact on the rough surface with air trapped below the contact line, as
opposite to the Wenzel’s formulation [49], where the liquid fills up the nanoapertures. This model
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has been validated experimentally with similar gold nanoapertures. The gold film is sandwiched
between two media: a glass substrate and water as buffer. On top of the gold film, diverse dielectric
objects are introduced. Their shape, size and optical properties are changed in order to focus the
study on their influence on the transmission spectra. In particular, for submicron-sized objects,
changes in the transmission spectra are studied as a function of the number of dielectric objects
located on the gold surface. The analysis is carried out for different geometries (rectangles, circles
and semicircles). For micron-sized objects, we analyze two different aspects. On one hand, the
influence of the number of nanoapertures covered by a circular object due to its flattening effect
on the substrate surface. On the other hand, the electromagnetic response of the nanostructured
substrate when the refractive index of the object immersed in the buffer is changed. The whole
system (constituted by objects, the nanostructured metallic film, the glass supporting substrate and
the water buffer) is periodically repeated each 20 µm using Floquet periodicity conditions [42].
The size of the unit cell is large enough to cover the biggest object considered in this work. This
structure is illuminated from the glass side with a Gaussian beam polarized along the x axis. The
minimum beam waist ω0 corresponds to 20 µm. The height of the water layer is varied according
to the size of the objects inside the buffer. For submicron-sized objects, the chosen height was
H = 500 nm, whilst for the micron-sized ones, H = 200 nm. These values are selected in order to
decrease the number of elements for generating the mesh, improving the numerical convergence.
In Fig. 3(b), the normalized near field map of the electric field norm (|E| in linear scale) is shown
in the plane XZ at 768 nm (wavelength corresponding to the resonance generated by the SP’s at
the interface water-gold, see Fig. 4(b)).

a)

Airt = 60 nm
W = 180 nm

Gold

Buffer 

Glass P = 500 nm

x

z

b)

Ek

Fig. 3. (a) Scheme of a 2D periodic array. The system is illuminated with a Gaussian beam
propagating along the z axis and linearly polarized along the x axis. (b) Normalized near
field map of the electric field norm (|E| in linear scale) in the plane XZ at 768 nm.
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In Fig. 4, the transmission spectra for the (a) 3D and (b) 2D configurations described above are
shown, considering water as buffer, nw = 1.33. All the results shown in this research correspond
to the (1,0) resonance originated by the SP’s in the water-gold interface (SP− nw EOT resonance)
centered at ca. 760 nm in both graphs. As it has been previously demonstrated [4, 50, 51] this
mode is the most sensitive one to changes in the buffer refractive index. As stated before, the
sensitivity is higher for 3D than for 2D configuration (according to our calculations, it reaches
values of 374 and 230 nm/RIU, respectively).

a) b)
SP-nw

SP-nw

Fig. 4. Transmission spectra of a periodically nanostructured gold thin-film of thickness
(t = 60 nm) and period (P = 500 nm) sandwiched between two dielectric media made of
water and glass. (a) 3D geometry (hole radius R = 90 nm), (b) 2D geometry (nanoapertures
width W = 180 nm).

3. Results

We have considered a 2D gold nanostructured thin-film located on a glass substrate in order to
analyze its electromagnetic behavior when both small (submicron-sized) and large (micron-sized)
dielectric objects are located on it. For the former, we study the electromagnetic response of
the nanostructured system when the object size is comparable to the SP’s penetration depth in
the buffer medium (for instance, large viruses and small bacteria). For the latter, the case where
the object is large compared to the penetration depth of the surface plasmon in the buffer is
analyzed. This can mimic the cells behavior. We deal with different object shapes. In particular,
for the submicron-sized ones, we have chosen rectangles, circles and semicircles, all of them
with the same area. Due to the different geometry, the contact surface between the object and the
nanostructured substrate, as well as the area of the object inside the plasmon penetration depth in
the buffer may be different. The analyzed geometries are intended to mimic the morphology of
biological organisms like large viruses or small bacteria. The typical shape of these is cylindrical
(many bacteria) or circular (viruses use to have polyhedrical shapes) [33,34]. Also, more complex
geometries can be observed like that of vibrio bacteria which show the shape of a circular
ring sector. The rectangular shape is chosen to reproduce the cross-section of a cylindrical
microorganism. For this geometry, the entire object inside the SP’s penetration depth in the buffer
will be considered. Also, the contact surface between the object and the substrate is large. On the
contrary, for the circular geometry (simplified shape of typical viruses), only a small fraction
of the object is inside the SP’s penetration depth in the buffer. The contact surface between the
object and substrate is minimal. As an intermediate case, we consider the semicircular geometry,
which can model in a first approximation a vibrio-like shape. The object area inside the SP’s
penetration depth in the buffer is similar to that of the rectangle. However, the contact surface
between the object and the substrate is smaller. Our goal is to show the influence of the contact
surface. For much larger objects like cells, the flattening effect of a circular object located on the
nanostructured substrate is studied. We simulate the cell adhesion to the substrate during the

                                                                                                Vol. 26, No. 9 | 30 Apr 2018 | OPTICS EXPRESS 11229 



spreading stage [35]. It can also represent the morphological change suffered by the cell when it
is trapped by specific antibodies and attached to the substrate surface. As the flattening of the
object increases, the contact surface between the object and the substrate also increases.

3.1. Submicron-sized objects

3.1.1. Rectangular objects

In this section we analyze the influence of rectangular submicron-sized objects on the transmission
spectra. Figure 5 shows a scheme of the studied geometry with only one rectangular object.
The object area is 0.12 µm2 (width:1200 nm, height: 100 nm), which represents 2.5% of the
representative area (0.24× L µm2) within the SP’s penetration depth in the water buffer (240 nm),
considering that the whole system (particles and metallic nanostructure) is repeated periodically
every L = 20 µm (for clarity, in Fig. 5, L is smaller than 20 µm). Such a small area is chosen in
order to reproduce a relevant experimental situation in biosensing, where typically the amount
of biological material to detect is small compared to the area occupied by the buffer. For this
particular geometry, the entire object is inside the plasmon penetration depth in the buffer.

Airt = 60 nm

W = 180 nm

Gold

Buffer 

Substrate P = 500 nm

Material, no = 1.4

L

H

H2
Plasmon
penetration 100 nm

1200 nm

x

z

k E

Fig. 5. Configuration of the studied geometry for rectangular objects, which have been
placed on the nanostructured substrate described in Section 2. The area of the rectangles is
0.12 µm2 and their refractive index no = 1.4.

Figure 6(a) shows the transmission spectra of the SP − nw EOT resonance corresponding to
different number of rectangular objects located on the substrate. The changes observed in the
spectra are due to the induced change in the effective refractive index because of the presence
of these objects. We have quantified the sensitivity of the metallic nanostructured substrate
to changes in the number of objects inside the buffer from the spectral shifts observed in the
transmission spectra when different number of objects are located on it. The sensitivity is defined
as:

SNO =
δλmax
δNO

(5)

where NO refers to Number of Objects and λmax is the wavelength corresponding to the maximum
value of the transmission spectra.

The number of objects is varied from 1 to 5. Figure 6(b) represents the spectral position of the
maximum value in the transmission spectra as a function of the number of objects immersed in
the buffer. The sensitivity SNO is 0.56 nm/NO.
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a) b)

Fig. 6. (a) Transmission spectra of the SP − nw EOT resonance due to the presence of
rectangular objects in the water buffer and located on the nanostructured gold film. (b)
Spectral position of the maximum value in the transmission spectra as a function of the
number of objects.

3.1.2. Circular objects

In this section, circular objects of radius is R = 196 nm are considered. Figure 7 schematically
shows the geometry with only one object. Again, for clarity, in Fig. 7, L is smaller than 20 µm.

Air
Gold

Buffer 

Substrate P = 500 nm

Material, no = 1.4
t = 60 nm

W = 180 nm

R=196 nm

L

H

H2
Plasmon
penetration

x

z

k E

Fig. 7. Configuration of the studied geometry for circular objects. The area of the circles is
0.12 µm2 and their refractive index no = 1.4.

The transmission spectra of the SP − nw EOT resonance corresponding to different number
of objects located on the nanostructured substrate are shown in Fig. 8(a). As in the previous
case, the spectra red shift when the number of objects increases. In Fig. 8(b) we represent the
spectral position of the maximum value in the transmission spectra as a function of the number
of objects immersed in the water buffer. The obtained sensitivity is 0.19 nm/NO. We observe
that the spectral shift caused by such circular objects is almost negligible compared with that
corresponding to the rectangular ones. There are two main factors which influence this low
sensitivity value: the area of the object inside the plasmon penetration surface is approximately
0.077 µm 2 (1.6% of the total effective area, i.e., of the representative area within the SP’s
penetration depth in the buffer), and the contact between the object and the substrate is through
one only point, see Fig. 7. Opposite to this, for the rectangular geometry, the entire object is
inside the plasmon effect, covering 2.5% of the total effective area and the object overspreads 1 or
2 nanoapertures, which means that the contact surface between the object and the nanostructured
surface is larger than in the case of the circular shape. Thus, the higher sensitivity obtained for
rectangular objects compared to the circular ones is mainly due to the object morphology.
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a) b)

Fig. 8. (a) Transmission spectra of the SP−nw EOT resonance due to the presence of circular
objects in the water buffer and located on the nanostructured gold film. (b) Spectral position
of the maximum value in the transmission spectra as a function of the number of objects.

3.1.3. Semicircular objects

The influence of the contact surface between the object and the substrate on the sensitivity values
has been analyzed in greater depth by means of semicircular objects (see Fig. 9). Their radius is
R = 277 nm to keep the same area as the rest of the analyzed geometries in previous sections.
For clarity, in Fig. 9, L is smaller than 20 µm.
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Fig. 9. Configuration of the studied geometry for semicircular objects. The area of the
semicircles is 0.12 µm2 and their refractive index no = 1.4.

Figure 10(a) shows the transmission spectra of the SP − nw EOT resonance, as a function of
the number of semicircular objects inside the water buffer. As for the previous geometries, a red
shift is observed as the number of inclusions increases. Figure 10(b) represents the wavelengths
corresponding to the maximum values of the SP− nw EOT resonance as a function of the number
of objects. The sensitivity obtained in this case is 0.41 nm/NO, which is lower than for the
rectangular geometry. In spite of the object area inside the SP’s penetration depth in the buffer
being similar for both rectangles and semicircles, the sensitivity value is quite different. In fact, a
variation of 5% in the object area respect to the effective area of the SP within the buffer gives
rise to a 35% variation in the sensitivity values. This means that the different sensitivity can be
mainly attributed to the contact surface between objects and substrate, which is larger for the
rectangular shape.
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Fig. 10. (a) Transmission spectra of the SP−nw resonance due to the presence of semicircular
objects in the water buffer and located on the nanostructured gold film. (b) Spectral position
of the maximum value in the transmission spectra as a function of the number of objects.

3.2. Micron-sized objects. Flattening effects

In this section, we aim to investigate how micron-sized objects (real cells, for instance) with
different optical properties and flattening effects on themetallic film surface affect the transmission
spectra of the nanostructured substrate.
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Fig. 11. Configurations used for studying the flattening effect of a large object (R = 10 µm)
on a nanostructured metallic film substrate. The contact surface between the object and
the substrate is (a) through only one point (rigid object) or (b) the object covers some
nanoapertures (flexible object like a conventional cell).

We consider a circular object of radius R = 10 µm immersed in the water buffer, as shown
in Fig. 11(a). In order to analyze the flattening effect, the shape of the object is modified, thus
changing the number of nanoapertures covered by the object (see Fig. 11(b)). The refractive
index of the object is no = 1.4. This is changed from no = 1.33 to no = 1.45 with steps of
0.03 to analyze the influence of the optical properties of the micron-sized object. Also, two
different flattening configurations are considered: 1) the contact surface between the object and
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the nanostructured substrate in through only one point or 2) covering 6 nanoapertures. The height
of the water layer is kept to H = 200 nm. This means that the entire simulated geometry inside
that buffer layer is affected by the plasmon effect.
Firstly, we study the morphology effect on the transmission spectra. To this purpose, we

consider that the object can be rigid or flexible, which is more realistic from a biological point
of view. For a rigid object, the morphology of the object is not affected by the presence of the
substrate and consequently, the contact surface between the object and the substrate is through
only one point (Fig. 11(a)). However, for flexible objects (cells), due to the substrate presence,
a flattening effect may appear. As it was previously introduced, the flattening can be observed
during the spreading stage of a cell or when it is trapped by specific antibodies and attached
to the substrate surface. As the object is more flexible, the contact surface with the substrate
increases. In order to explore this behavior, we have considered that the contact between the
circular object of radius R = 10 µm and the substrate is through a single point or covering 2, 4,
6, 8, 10 or 12 nanoapertures. A red shift is observed in the spectra as the number of covered
nanoapertures increases, see Fig. 12(a). In Fig. 12(b), the spectral position of the maximum
value in the transmission spectra as a function of the number of nanoapertures blocked by the
object is shown. From these results, the sensitivity of the nanostructure (SNA) to changes in the
morphology of the object can be obtained. This is defined from the spectral shifts of the SP − nw
EOT resonance as a function of the number of nanoapertures covered by the object

SNA =
δλmax
δNA

(6)

where NA stands for the Number of Apertures of the nanostructured substrate blocked by the
object.
The obtained sensitivity value through the Eq. (6) is: 0.21 nm/NA

a) b)

Fig. 12. (a) Transmission spectra of the SP − nw resonance due to the presence of a large,
circular object (R = 10 µm) in the water buffer and located on the nanostructured gold film
for different contact surfaces. (b) Spectral position of the maximum value in the transmission
spectra as a function of the number of nanoapertures blocked by the object.

The influence of the object morphology has been clearly demonstrated (see Fig. 12). As the
contact surface increases, the resonance red shifts and the transmission value decreases. This
behavior is due to the rise of the object area with a higher refractive index than that of the buffer
inside the penetration depth of the surface plasmon in water. So, this effect is equivalent to
increasing the refractive index of the object while keeping its contact surface with the substrate
constant. In order to corroborate this assumption, in Fig. 13 we show the effect of increasing
the object refractive index, no ∈ [1.33, 1.45], keeping the same geometry (and hence the same
contact surface between the object and the nanostructured substrate). In Fig. 13(a) the contact
surface between the object and the substrate is through only one point, whilst in Fig. 13(c) the
object blocks 6 nanoapertures. As it is expected from the results analyzed before, spectral shifts
appear in both spectra. However, the shifts are higher for the case where the object blocks a larger
number of nanoapertures. To validate this, in Figs. 13(b) (the contact surface between the object
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and the substrate is through only one point) and 13(d) (the object blocks 6 nanoapertures) we
show the wavelengths corresponding to the maximum values of the SP − nw EOT resonance as a
function of the refractive index of the object immersed in the buffer. By means of the slope of
the curve, it is possible to obtain the sensitivity of the nanostructured system to changes in the
object refractive index, which is given by Eq. (7). The obtained results are Sno = 47.1 nm/RIU
and Sno60.6 nm/RIU for the cases where the contact surface between the object and the substrate
is through only one point or the object blocks 6 nanoapertures, respectively.

Sno =
δλmax
δno

(7)

c) d)

a) b)

Fig. 13. Transmission spectra of the SP − nw resonance due to changes in a micron-sized
object refractive index: no ∈ [1.33, 1.45]. The contact surface between the object and the
substrate is through (a) only one point or (c) the object blocks 6 nanoapertures. In (b) and
(d), the wavelength corresponding to the maximum value of the SP− nw resonance is plotted
as a function of the object refractive index when the contact surface between the object and
the substrate is through only one point or the object covers 6 nanoapertures, respectively.

It is important to remark that the dependence of the transmitted light spectrum on the refractive
index of the object can be used as a sensing tool. It is possible to obtain the object refractive
index through the spectral shift of the SP − nw EOT resonance, given the characteristics of the
nanostructured substrate, the refractive index of the buffer and the number of nanoapertures
blocked by the object.

4. Conclusions

In this research, we have analyzed the electromagnetic behavior of a metallic thin-film with a
periodic array of subwavelength apertures when dielectric objects immersed in a water buffer
are located on it. This analysis has been performed for different object sizes, geometries and
optical properties. In particular, we have analyzed submicron- and micron-sized objects. This
work is inspired by two linked recent interests, that of liquid biopsies for diagnosis purposes
and the use of this kind of nanostructured substrates for detecting biological material in low
concentrations whose size can go from tens of nanometers (proteins, small viruses, rests of
RNA) to hundreds of nanometers (submicron-sized objects, large viruses, small bacteria) or even
microns (micron-sized objects, cells).
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For submicron-sized objects, we have analyzed the influence of two different aspects on the
transmission spectra of the considered nanostructured substrate: On one hand, the area of the
object inside the penetration depth of the surface plasmon in the buffer, and, on the other, the
contact surface between the object and the substrate. We have compared three basic geometries:
rectangles, circles and semicircles. All of them can mimic shapes of a biological microorganisms
(bacteria, viruses or eukaryotic cells). For all geometries, we have obtained the sensitivity of the
nanostructured substrate to changes in the number of objects located on its surface. The highest
(lowest) sensitivity values are observed for the rectangular (circular) geometry. There are two
main reasons for this behavior. For the simulated rectangles, the entire object has been chosen
to be inside the penetration depth of the surface plasmon in the buffer and the contact surface
between the object and the substrate is larger than for the rest of analyzed geometries (rectangles
block 1 or 2 nanoapertures). The influence of the contact surface between the object and the
substrate has been addressed by means of the comparison between rectangles and semicircles.
The area of the object inside the SP’s penetration depth in the buffer is almost the same for both
geometries. However, the contact surface is larger for the former, which is responsible for the
highest sensitivity values. The obtained results suggest some relevant conclusions. The contact
surface between the object and the substrate is a critical factor for obtaining high sensitivity
values and it is not necessary that the entire object is inside the SP’s penetration depth to be
detected. This becomes important when the aim of the nanostructured system is intended to
detect large objects. In this case, most of the object is outside of the SP’s penetration depth in
the buffer. In all the cases, when the number of objects inside the buffer increases, a red shift
of the analyzed resonance appears due to the increment of the effective refractive index of the
medium. This means that it is even possible to count the number of objects (cells for instance)
when several of them are on the sensor surface.

For the case of micron-sized objects, the influence of the flattening effect (usual cell geometry
evolution when deposited on a flat substrate. This effect can be observed during the spreading
stage of a cell or when it is trapped by specific antibodies and attached to the substrate surface)
of the object on the substrate has been shown by means of the spectral shifts observed in the
transmission spectra. As the cell is flattened, the contact surface between the object and the
substrate is increased. As a consequence, the detection of the object can be improved. Larger
contact surfaces between the object and the substrate lead to higher sensitivity values. As the
flattening increases, the transmission spectra red shift. This behavior is due to the rise of the
object area with a higher refractive index than that of the buffer inside the penetration depth of
the surface plasmon in water. For that reason, increasing the contact surface between the object
and the substrate is equivalent to increasing the refractive index of the object by keeping the same
geometry.

Through the obtained results, it is observed that for both small and large objects the sensitivity
increases as the area of the object inside the plasmon penetration depth in the buffer increases.

Moreover, the spectral shifts observed when the refractive index of the object changes (keeping
the same geometry) can be used as a sensing tool, once the characteristics of the nanostructured
substrate, the optical properties of the buffer and the number of nanoapertures covered by the
object are fixed. This allows to differentiate healthy cells (their refractive index is around 1.33)
from malignant ones (their refractive index is around 1.40) [19,52]. As a final remark, we believe
that the results contained in this research can guide biomedical researchers and experimentalists
in the process of detecting and monitoring biological material with large sizes. This has special
interest in those biological tests where liquid biopsies are employed.
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