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Abstract—Plasmonic metasurface biosensing has shown great
potential in label-free detection of bio-nanoparticles with vari-
ous sizes, such as cancer antigens, exosomes and SARS-CoV-2
virus. It typically relies on the immunoassay, but current stud-
ies usually neglect the perfect size matching between each target
bio-nanoparticle and the surface near-field domain, which should
be very critical for the enhancement of detection performance.
In order to maximize the immunodetection capability for each
bio-nanoparticle, we propose a plasmonic meta-biosensor based
on the field-customized mechanism. Our design overcomes the
serious interference of biofunctionalization and accomplishes a
sensitivity of 27 times higher than the conventional nanoplasmonic
counterpart. Our method also builds the important basis of single
bio-nanoparticle immunodetection by a plasmonic metasurface.
The customized plasmonic metasensing study implies a promising
way towards ultra-low concentration biosensing or even single bio-
nanoparticle detection for high-performance point-of-care-testing
in the near future.

Index Terms—Plasmonics, customized, immunodetection, meta-
biosensors.

I. INTRODUCTION

P LASMONIC metasurfaces have extraordinary optical
properties and hold great promise in biomarker sensing,
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particularly for point-of-care-testing (POCT) [1], [2], [3], [4],
[5]. Typically, plasmonic metasurface biosensors are based on
the local refractive index sensing above periodic metaunit cells
consisting of metal or metal/dielectric (M/D) nanostructures,
which support high optical field confinement and enhancement
induced by surface plasmons [6], [7], [8], [9]. The identifica-
tion and concentration measurement of target bio-nanoparticles
(TBNs) usually rely on the specific binding on the biorecognition
elements (BEs) of the meta-biosensors (e.g. meta-biosensors
based on immunoassay). In general, the most sensitive surface
region is limited within the evanescent decay length above the
plasmonic metasurfaces, but they typically require biofunction-
alization in order to bind TBNs beforehand, which inevitably
occupies the region with the strongest optical field [10], [11],
[12], [13], [14], and severely lowers the space utilization of
optical near field induced by plasmonic effects. Moreover, the
sizes of TBNs to be detected are usually diversified, such
as cancer antigens with the characteristic scale of 10–40 nm
[15], [16], [17], and exosomes and SARS-CoV-2 virus with
the sizes of 50–150 nm [18], [19]. Significant efforts have
been made on optimizing the sensitivity of binding TBNs by
enhancing the local field intensity with metal nanostructures
of various shapes, such as nanohole, nanocup, nanonail and so
on [20], [21], [22], [23], [24], [25], [26], [27], [28]. Despite
these efforts, the size matching between the space near field and
TBNs remains a significant issue. Therefore, a TBN-customized
plasmonic metasurface sensor with high space near-field uti-
lization is still quite in demand for highly-sensitive detection
of biospecificity.

In this work, we propose a kind of plasmonic meta-biosensors
with TBN-customized void M/D nanocylinder metaunits for
high-sensitivity immunodetection. Our approach demonstrates
much higher TBN sensitivity than conventional metasur-
face sensing and implies a great potential towards nanoplas-
monic digital immunoassay by a TBN-customized metasensing
scheme. The sensing mechanism is systematically illuminated
by the theoretical analysis and full-wave simulation. One can
detect each kind of TBN with an optimized high sensitivity by
engineering the M/D hybrid metastructure. Our metasensing
study provides an important guide for developing nanoplas-
monic digital immunoassay, which implies a promising potential
in future POCT applications.
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Fig. 1. (a), (b), and (c) are the schematic drawings of traditional biosensing methods based on PSPR, GSPP and LSPR, respectively. (d) Perspective and
cross-section views for the illustration of M/D hybrid meta-biosensor, where p, d, h, h1, h2 and h3 represent the period of metaunit, the diameter of void gold
nanocylinders, the heights of void gold nanocylinders, SiO2 nanocylinders, BEs and TBNs, respectively. (e) Plasmonic resonance shift Δλ as a function of
perturbation position h1.

II. DESIGN AND METHOD

The traditional biosensing methods of prism-based sur-
face plasmon resonance (PSPR), 2D grating surface plasmon
polarizations (GSPP) and localized surface plasmon resonance
(LSPR) are compared with our meta-biosensing approach in
Fig. 1. Particularly, the M/D hybrid metasurface for TBN-
customized sensing is illustrated in Fig. 1(d). The M/D hybrid
metasurface can be fabricated by a series of nanotechnology pro-
cesses, including nanoimprint lithography, plasma etching, and
electron beam evaporation [29], [30]. It consists of an array of pe-
riodic subwavelength void gold nanocylinders, each of which is
partially filled with silicon dioxide (SiO2). The metasurface acts
as a two-dimensional array with orthogonal reciprocal lattice
vectors, which allows for the nanograting-coupled plasmonic
mode and traps the spatial light wave around the wavelength of
plasmonic resonance [31]. The metasurface works in the visible
regime, and the material optical parameters of SiO2 are obtained
from Reference [32]. We adopt the immunoassay scheme for the

meta-biosensor by using the specific binding between the BE and
TBN [33]. BE consists of biological functional layer (BFL) and
antibody (AB). In each metaunit, the biorecognition element is
specifically immobilized on top of the SiO2 component [34], and
it can capture the TBN in the process of immunodetection. The
optical simulation based on the finite element method (Comsol
Multiphysics) is used to investigate the sensing mechanism and
optimize the detection performance. In the simulation, all the
materials are assumed to be isotropic, and the Floquet boundary
conditions are applied for the periodic unit cells. The size of
z-direction unit cell in simulation is the same as the x-direction
(i.e., 480 nm). Two perfect matching layers with the thickness
of 500 nm are located in the appropriate position on the top
and the bottom of the unit cell, respectively. The s-polarized
wave is applied as the incident light. Adaptive inhomogeneous
tetrahedral mesh is adopted to discretize the metaunits, and
the minimum edge length of the mesh element is as small
as 0.5 nm to ensure the convergence and reproducibility of
the simulation.
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In order to demonstrate the physics, we first study the 5 nm
thick SiO2 perturbation response on the metastructure with-
out biological components in Fig. 1(e). The shift of spectral
resonance wavelength as a function of introducing a 5 nm
perturbation for a series of SiO2 thickness h1. As h1 increases
from 60 nm to 200 nm, Δλ progressively rises and approaches
a maximum of 5.2 nm, and it gradually drops down for h1
changing from 200 nm to 230 nm. This result can be explained
by the perturbation theory, which derives explicit formulas for
the resonance shift of plasmonic metasurface. The analytical
solution of the electric field and resonance wavenumber for the
fundamental plasmonic mode can be expressed as below [35],

1

με
∇2E = −(ck)2E (1)

where μ and ε represent the environmental permeability and
permittivity surrounding the plasmonic metasurface, respec-
tively. k, c and E denote the plasmonic wavenumber, speed of
light and electric field, respectively. Here we take Ω instead
of 1

με∇2, whose eigenvalue is -(ck)2. When the perturbative
medium (permittivity εp, permeability μ) with the volume of Vp

is introduced into the plasmonic metasurface, the wavenumber
and electric field on the plasmonic metasurface would have a
slight change. In the volume of Vp,Ω can be ex-pressed as below,

Ω =
1

μεp
∇2 =

1

με0
∇2 +

(
με0
μεp

− 1

)
1

με0
∇2

= Ω0 +

(
ε0
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− 1

)
Ω0 = Ω0 +Ω1 (2)

where Ω0 = 1
με0

∇2, Ω1 = ( ε0εp − 1)Ω0 and ε0 is the environ-
mental permittivity without the perturbation. In the environmen-
tal region outside Vp, Ω1 equals to 0. The changed electric field
can be expanded in a series as below,

E =
∑
n

anEn (a0 = 1, n = 0, 1, 2, 3 . . .) (3)

After introducing the perturbation, we take the first-order
electric field approximation for (2), combine it with (1), and
have the following equation,

k20E0 + k20a1E1 +

(
ε0
εp

− 1

)
k20E0 +

(
ε0
εp

− 1

)
k20a1E1

= k21E0 + k21a1E1 (4)

The above equation is scalarly multiplied byE∗
0 (the conjugate

of E0) and integrated throughout the environmental volume
Vnf for plasmonic near-field sensing region, and we have the
expression of first-order wavenumber as below,

k21 = k20 + k20

(
ε0
εp

− 1

) ∫
Vp

|E0|2dVp∫
Vnf

|E0|2dVnf
(5)

Equation (5) can be changed into the following expression,

Δk

k0
≈

(
εe
εp

− 1

) ∫
Vp

|E0|2dVp

2
∫
Vnf

|E0|2dVnf
(6)

where Δk = k1 − k0 and k1 + k0 ≈ 2k0. Therefore, the wave-
length shift of plasmonic resonance can be expressed as below,

Δλ ≈ λ1

2

Δε
∫
Vp

|E0|2dVp

εp
∫
Vnf

|E0|2dVnf
(7)

where λ1= 2π/k1 andΔε denote the plasmonic resonance wave-
length with perturbation and permittivity difference between the
perturbation object and environment. As shown in Fig. 1(e), the
theoretical calculation based on (7) indicates a good consistency
with the full-wave simulation. This demonstrates that the slight
changes of SiO2 thickness inside the gold nanocylinders can
lead to obvious spectral shifts of plasmonic resonance wave-
lengths, especially for h1 = h = 200 nm. The result also implies
the high plasmonic sensitivity on dielectric change around the
mouth position of the void gold nanocylinder. The above basic
analysis would further facilitate our study and understanding for
enhancing the optical sensing for introduced TBNs.

III. RESULTS AND DISCUSSION

A. TBN-Customized Plasmonic Metasensing

We focus our discussion on the performance of TBN-
customized sensors under the immunoassay scheme. To simplify
the physical model, we assume the BEs and TBNs as spheres
with the fixed diameter of 50 nm, respectively, and compare the
sensing performance of traditional and our method by detecting
the same amount of TBNs, as shown in Fig. 2. The sensitivity is
described as the following equation:

S =
Δλ

ΔnΔVTBN
(8)

where Δn = nTBN - ne,ΔVTBN, andΔλ are the relative change
in refractive index, volume of TBNs, and resonance wavelength
shift due to the specific binding of TBNs on BEs, respectively.
As shown in Fig. 2, for capturing 8 TBNs in the same unit pro-
jected area of sensing, traditional methods of PSPR, GSPP, and
LSPR correspond to the sensitivities of 6.10 × 1013 RIU−1m−2,
0.89 × 1013 RIU−1m−2 and 0.24 × 1013 RIU−1m−2, respec-
tively. Under the immunodetection mechanism, the sensitivities
of traditional metasensing (GSPP and LSPR) for TBNs are even
much smaller than the classic PSPR sensing. By introducing the
M/D (gold and SiO2) hybrid metasurfaces as shown in Fig. 2(d)
and (e), we can manage to make the sensitivities relatively
higher than those of the traditional methods based on GSPP
and LSPR (Fig. 2(b) and (c)), but they are still much lower than
that of the PSPR configuration. In the M/D hybrid metasurfaces,
the TBNs are captured on top of the SiO2 nanocylinder. As
observed in Fig. 2(f), we can further optimize the height of
SiO2 nanocylinder and achieve the maximum TBN sensitivity
of 6.48 × 1013 RIU−1m−2 at the value of 130 nm. This is much
higher than that of the traditional PSPR sensing. The use of
130 nm hight SiO2 nanocylinder in the M/D hybrid metasurface
indicates the best TBN sensitivity, which is about 27 times of
that for the traditional LSPR method. These results imply that
one can customize or engineer the metaunit structure of M/D
hybrid metasurface to pursue a high TBN sensing performance.
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Fig. 2. Reflectance spectra before and after TBN capture: (a) PSPR, where the gold film thickness is 50 nm, and the incident angle is 47., (b) GSPP, where the
void gold nanocylinder diameter and height are 210 nm and 200 nm, respectively, (c) LSPR, where the gold nanocylinder diameter and height are 170 nm and
80 nm, respectively, (d) M/D hybrid metasurface for h1 = 30 nm, (e) M/D hybrid metasurface for h1 = 180 nm, (f) M/D hybrid metasurface for h1 = 130 nm. For
all the simulations, p = 480 nm, and there are 8 TBNs in each unit cell. For the simulations of (d)-(f), d = 210 nm, h = 200 nm, and h2 = h3 = 50 nm.

Fig. 3. Field distributions at corresponding resonances for TBN sensing: (a)
PSPR, (b) GSPP, (c) LSPR, (d) M/D hybrid metasurface for h1 = 30 nm, (e)
M/D hybrid metasurface for h1 = 180 nm, (f) M/D hybrid metasurface for
h1 = 130 nm.

In order to reveal the physics of sensitivity enhancement, we
further analyze the simulation models through the optical field
distributions at resonances, as shown in Fig. 3. In traditional
PSPR sensing, the electric field is mainly enhanced on the gold
surface, as seen in Fig. 3(a). Due to the use of BE, the TBN
will not be located at the region with the strongest electric field.

In traditional GSPP sensing, the strongest electric field (namely
hot spot) is located at the mouth of void gold nanocylinder, as
observed in Fig. 3(b). The random distribution of TBNs makes
most of them not located in the region with the strongest electric
field. Fig. 3(c) indicates that the strongest electric field is mainly
located at the bottom edge of gold nanocylinder for LSPR sens-
ing, while the TBNs are randomly distributed and the hot spots
are usually occupied by the BEs. This makes the LSPR sensing
performance worse than that of PSPR [36]. In the M/D hybrid
metasurface sensing, the highest field intensity is concentrated
at the mouth of the void gold nanocylinder, as observed from
Fig. 3(d) to (f). For the SiO2 nanocylinder height h1 = 30 nm,
the TBNs are located below the region with the strongest optical
field. For h1 = 180 nm, the TBNs are located at the above the hot
spot region. In contrast, when the height of SiO2 nanocylinder
is 130 nm, the TBNs are precisely located around the mouth
position of void gold nanocylinder, where the light field has the
optimal concentration and supports the strongest light-matter
interaction. Such effect leads to the significant enhancement of
biosensitivity. Therefore, one can customize the height of SiO2

nanocylinder and maximize the sensitivity for a given kind of
TBN by the M/D hybrid metasurface.

B. Biosensing of TBNs With Various Sizes

Based on the above analysis, one can design the corresponding
optimal biosensing performance for TBNs with various sizes.
With the aim to simplify the physical model, the BEs and TBNs
are assumed as the equivalent blocks of nanodisks with the
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Fig. 4. Optimization of customized meta-biosensor for multiplex TBNs with
various sizes, where p = 480 nm, d = 210 nm, h = 200 nm, and h2 = 10 nm.

refractive index of 1.56 [37]. We next optimize the performance
of bio-sensors for five kinds of TBNs and the simulated results
are shown in Fig. 4. For the specific height of TBNs (e.g.
h3 = 10 nm), there is a maximum sensitivity as the h1 changes
from 10 nm to 200 nm. The maximum sensitivity for h3 = 10 nm
is 7.44 × 1013 RIU−1m−2 at h1 = 190 nm. When the height of
TBNs increases from 10 nm to 130 nm, the maximum sensitivity
for each size gradually reduces from 7.44 × 1013 RIU−1m−2 to
5.13× 1013 RIU−1m−2 with the customized optimal h1 reducing
from 190 nm to 110 nm. This result implies that each kind of
TBN can have an optimized metastructure for biosensing with
the highest sensitivity. One can design the high-performance
meta-biosensor according to the size of target biomolecules. It
can be observed that for the larger TBNs, such as h1 = 130 nm,
the maximum sensitivity is lower than the smaller ones. When
the size of TBN is larger than the region of optical field en-
hancement, the space utilization of near field is less effective.
Therefore, one can also optimize the confinement size of space
enhanced near field to achieve higher biomolecule-customized
sensitivity in the design of meta-biosensor.

C. Single-TBN Biosensing

The mechanism of customized plasmonic metasensing can be
also applied on the detection of ultra-low concentration TBNs
and even a single TBN (e.g., the exosome or virus [38], [39]. As
shown in Fig. 5(a), we plot the shift of resonance wavelength
for introducing a single TBN as a function of the diameter d for
void gold nanocylinder. As d increases from 150 nm to 210 nm,
the TBN sensitivity S gradually drops down from 7.2 × 1013

RIU−1m−2 to 2.7 × 1013 RIU−1m−2. This demonstrates that the
sensitivity of a TBN highly depends on the diameter of void gold
nanocylinder, which can be attributed to the utilization efficiency
of near field around the nanocylinder mouth. Particularly, when
the diameter of TBN equals to the diameter of void nanocylinder,
we can achieve the highest sensitivity. Therefore, one can also

Fig. 5. (a) TBN sensitivity as a function of the diameter of void gold nanocylin-
der, where the inset denotes the perspective view of a metasurface unit cell,
(b) Single-TBN sensitivity as a function of metasurface module area for detect-
ing, where the inset denotes the top view of the metasurface with 9 × 9 unit
cells. For all the simulations, p = 480 nm, h = 200 nm, h1 = 110 nm, and the
diameter of BE and TBN are 10 nm and 150 nm, respectively.

customize the diameter of void gold nanocylinder in the M/D
hybrid metasurface according to the size of TBN.

Furthermore, we focus on evaluating the detection sensitivity
of a single TBN by using various metasurface module areas,
which is a critical criterion for high-precision biosensing of
samples with an extremely low concentration. As shown in
Fig. 5(b), we plot the sensitivity of a single TBN as a function
of the metasurface module area for detecting. With the area
increasing from 2.1 um2 to 18.7 um2, the spectral sensitivity
of a single TBN gradually drops from 1.9 × 1012 RIU−1m−2

to 7.0 × 1011 RIU−1m−2. The simulated data points are well
fitted with the four-parameter logistic curve with a correlation
coefficient R2 of 0.99 [40]. In combination with a series of
metasurface modules, hyperspectral measurement can be ap-
plied to the detection of a single TBN in a biochip [41]. For a
commercial hyperspectral measuring system, the spectrometer
resolution and signal-to-noise ratio in the visible range can be
as low 0.07 nm and 2000/1, respectively [42]. When we apply a
sufficient metasurface module area of 18.7 um2 for detecting a
single TBN, the spectral shift of resonance wavelength is 0.7 nm,
which is 10 times of the smallest spectral resolution. Such
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Fig. 6. (a), (b), and (c) are the reflection spectra of M/D hybrid metastructure
for perturbation position h1 with the values of 80 nm, 200 nm, and 230 nm,
respectively.

Fig. 7. Reflectance spectra before and after TBN capture: (a) PSPR, where the
gold film thickness is 50 nm, and the incident angle is 47., (b) GSPP, where the
void gold nanocylinder diameter and height are 210 nm and 200 nm, respectively,
(c) LSPR, where the gold nanocylinder diameter and height are 170 nm and
80 nm, respectively, (d) M/D hybrid metasurface for h1 = 30 nm, (e) M/D hybrid
metasurface for h1 = 180 nm, (f) M/D hybrid metasurface for h1 = 130 nm. For
all the simulations, p = 480 nm, and there are 8 TBNs in each unit cell. For the
simulations of (d)-(f), d = 210 nm, h = 200 nm, h2 = 20 nm, and h3 = 50 nm.

sensing capability indicates that one can capture the single-TBN
signal effectively by using a hyperspectral sensing over a series
of metasurface modules on a biochip. Therefore, the pro-posed
customized plasmonic metasensing would be very promising
for the future studies of single-TBN immunodetection in a
non-invasive and label-free manner.

IV. CONCLUSION

In summary, we propose the immunosensing scheme of M/D
hybrid plasmonic meta-biosensor by engineering the surface
location of various TBNs. By tuning the size of dielectric
components in the metaunits, the utilization of space near field
is maximized, which leads to very high immunodetection sen-
sitivity. The sensor is also universal to enhance the detection
capability for many kinds of TBNs by a metasurface-customized
approach. Furthermore, we demonstrate the extraordinary sens-
ing capability for single-TBN immunodetection theoretically,
which will facilitate the studies of ultrasensitive biosensing and
enable many new biosensing applications.

APPENDIX

A. The Explanation of Perturbation Theory

The 5 nm perturbation layer is always on the SiO2, as shown
in Fig. 6. As h1 increases from 80 nm to 200 nm, Δλ rises from
1.5 nm to 5.2 nm, and it decreases to 3.2 nm for h1 changing
from 200 nm to 230 nm. This indicates that the change of SiO2

thickness inside the gold nanocylinders can lead to a significant
spectral shift of the plasmonic resonance wavelengths.

B. TBN-Customized Plasmonic Metasensing

We add the simulation of 20 nm BE and 50 nm TBN, as shown
in Fig. 7. We can optimize the height of SiO2 nanocylinder and
achieve the maximum TBN sensitivity of 6.34×1013 RIU−1m−2

at the value of 130 nm. This is higher than that of the traditional
PSPR sensing. The use of 130 nm hight SiO2 nanocylinder in
the M/D hybrid metasurface indicates the best TBN sensitivity,
which is about 7 times of that for the traditional LSPR method.
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