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Abstract: Owing to the outstanding physical properties of graphene, its biosensing applications
implemented by the terahertz metasurface are widely concerned and studied. Here, we present
a novel design of the graphene metasurface, which consists of an individual graphene ring and an H-
shaped graphene structure. The graphene metasurface exhibits a dual-resonance response, whose
resonance frequency strongly varies with the geometrical parameters of the proposed metasurface,
the carrier density of graphene, and the analyte composition. The transparency window, including
width and position, can be artificially controlled by adjusting the geometrical parameters or the Fermi
energy. Furthermore, the sensing parameters of the graphene metasurface for cancerous and normal
cells are investigated, focusing on two factors, namely cell quantity and position on the metasurface.
The simulated results clearly show that the theoretical sensitivity, figure of merit, and quantity of the
graphene metasurface for breast cells reach 1.21 THz/RIU, 2.75 RIU−1, and 2.43, respectively. Our
findings may open up new avenues for promising applications in the diagnosis of cancers.

Keywords: graphene metasurface; terahertz sensing; dual-resonance response; cancer diagnosis

1. Introduction

Cancer ranks as one of the leading causes of human morbidity and death globally [1,2].
It has also been a major impediment to increasing life expectancy in many countries [3]. The
global cancer data for 2020 released by the World Health Organization (WHO) show that
there were an estimated 19.29 million new cancer cases worldwide, including 9.96 million
deaths [1,3,4]. In 2040, new cancer cases are projected to reach 28.4 million [3]. More specifi-
cally, the death tolls of the top five cancer types in 2020, i.e., lung, colorectum, liver, stomach,
and breast cancer, were estimated as 1.796, 0.935, 0.83, 0.768 million, respectively [2,3].
The difficulty and types of cancer treatment depend upon the development level or stag-
ing of disease. Over the years, a wide variety of cancer detection techniques, such as
radioimmunoassay [5], magnetic resonance imaging [6], and sonography [7], has been
developed to satisfy numerous needs. The magnetic resonance and computed tomography
methods are widely adopted for in vivo and in vitro cancer cell detection, but their limited
resolutions are restricted by specific contrast agents [2,8,9]. Near-infrared fluorescence
imaging is a method for detecting cancer cells or tissues because of its high tissue pene-
tration and less background scattering [10]. However, the shortcomings of the obtained
image and the near-infrared dyes, such as low spatial resolution, low detection sensitivity,
and limited photostability, make it less promising for in vivo cancer imaging. In addition,
the cancer cells/biomarker detection strategies, including time-resolved fluorescent as-
says [11], gas chromatography-coupled mass spectroscopy [12], electrochemiluminescent
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immunoassays [13], etc., are presently used for the initial screening of cancer patients
in centralized and hospital-based laboratories. Although these techniques are improved
regarding the specificity and sensitivity, there are still numerous hurdles, such as being time
consuming, having high cost, requiring expensive and sophisticated equipment, requiring
a cumbersome pretreatment and analysis process, and the inability to detect cancer at early
stages [14,15]. Therefore, to seek safer and more efficient cancer detection and treatment
methods is of the utmost importance for cancer prevention and disease management [16],
especially in the diagnosis of cancers.

Terahertz (THz) spectroscopy, electromagnetic waves within the frequency range
0.1–10 THz, has attracted increasing attention from scientists for its promising applications
in biomedical analytics, detecting, imaging, trapping, and sensing due to its advantages
of being label-free, non-contact, and non-destructive [17–21]. In the THz domain, a large
amount of complex biological components, including biological molecules, cells, and
tissues, have collective vibrational and rotational modes that correspond to a unique char-
acteristic spectrum [22–24]. Owing to the lack of proper materials with a strong response to
the THz regime, research and application in the THz region have been hindered to a great
extent [25]. In order to overcome this technical barrier, numerous efforts on metamaterials
and metasurfaces have obtained abundant achievement [26–31]. The metamaterials possess
strong electromagnetic field confinement and sharp resonance features [32–35], which can
strengthen the THz waves–matter interaction and heighten the sensing performance in
bio-detection application. Usually, the metamaterials are composed of metallic structures
with a size scale smaller than the incident wavelength. Unfortunately, the intrinsic draw-
back (i.e., Ohmic losses) of these conventional metallic metamaterials inevitably degrades
their performance of the optical responses [36,37], such as the quality factors of resonance
and the efficiency [38]. Thus, new metamaterials are being sought for THz biosensing.
Inspired by the nanomaterials and nanotechnologies, carbon-based materials have drawn
much research interest as metamaterials of THz devices because they possess a rich variety
of physical properties compared to conventional metamaterials, such as ultra-broadband
optical absorption and response [39–41].

Graphene, as the most promising carbon-based nanomaterial for realistic applica-
tion, has been applied favorably as optical imaging or sensing elements because of its
high specific surface area [42], tunable optoelectronic property [43], and excellent biocom-
patibility [44]. In particular, the optical conductivity of graphene presents a Drude-like
conductance behavior in the THz range, being changed with controlled free-carrier densi-
ties [45,46]. It is suitable for dynamical tenability. In order to gain the outstanding opto-
electronic features, various flat structure designs in graphene have been proposed [47–49].
Nevertheless, it has been found that only one resonant optical mode can be induced by
those graphene structures, which restricts the light–matter interaction in THz biosens-
ing [50]. Therefore, it is of interest to apply multiple resonance scheme to enhance the
interaction between light and matter. Several proposed multiresonance graphene structures
have successfully confirmed that the multiresonance scheme can improve the sensing
performance and strengthen the light–matter interaction [25,51,52]. Importantly, it makes
multiband THz biosensing possible. The tunability of multiple channels and multiplexing
properties in graphene plays a critical role in systems, including spectroscopy, sensors, and
absorbers [53]. Graphene-based metamaterials or metasurfaces are usually polarization sen-
sitive and invalid for non-normal incidence, leading to the degradation and disappearance
of the sensing capability [25].

In this work, we propose a planar graphene metasurface, which is composed of
a circular graphene ring and an H-shaped graphene structure. A feature of dual-resonance
response is found in the transmission spectra, being expected for biosensors with high
sensing performance. Such a feature can be controlled by adjusting the spacing size. The
transparency window is dependent on the structural parameters of the metasurface and the
carrier density of graphene. Moreover, the sensing performance of our proposed graphene
metasurface for breast cells is also evaluated in our work. The results present that the
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parameters of breast cells, including cell types, number of cells, and position of cells on the
graphene metasurface, have an obvious influence on the transmission spectra and sensing
parameters of the proposed graphene metasurface.

2. Theoretical Model and Methodology

The schematic structure of the graphene metasurface is illustrated in Figure 1. The unit
cell comprises a toroidal ring and an H-shaped pattern of graphene monolayer positioned
on the surface of a 500-µm-thick SiO2 substrate with the refractive index n = 1.956 [54]. The
graphene-based unit cells are arranged in a periodic array in the x-y plane, as depicted
in Figure 1a. P represents the periodicity of the array patterns. The spacing distance of
the concentric inner and outer graphene rings and the corresponding ring width of the
inner and outer rings are designated as g1, w0 and w1, respectively. The gap size of the
H-shaped pattern is indicated as g0. In addition, the width of the graphene strip positioned
at the center of the inner graphene ring is the same as that of the two graphene rings. The
geometrical parameters of the unit cell are described specifically in Figure 1b. Typically,
graphene films are synthesized by using chemical vapor deposition techniques and can be
patterned lithographically to fabricate the designated graphene geometries at controlled
locations [55]. One study showed that the laser-induced graphene method can be used in
the fabrication of graphene metasurfaces and metamaterials [56].

Figure 1. Schematic diagram of the proposed graphene-based metasurface on SiO2 substrate. (a) Pe-
riodic structure where the incident THz waves with y-polarization is along the z-axis. (b) A unit
cell and (c) its top view with geometrical parameters. a0 = 18 µm, b0 = 12 µm, c0 = 11 µm, d0 = 7 µm,
g0 = 1 µm, g1 = 1 µm, w0 = 4 µm, and w1 = 6 µm. The periodicity is set to 50 µm in both x and
y directions.

In our work, the thickness of monolayer graphene is set as 0.35 nm [57]. The incident
plane wave with y-polarization propagates vertically in a direction paralleling to the z-axis
to the graphene metasurface. The transmission spectrum as a function of the incident
wavelengths and the electric field distributions at resonance peaks are calculated in the full-
wave electromagnetic simulator, COMSOL Multiphysics. In order to obtain the response
characteristic of the graphene metasurface in the THz domain, we utilize an effective
surface conductivity approach to characterize the graphene monolayer. Theoretically, the
surface conductivity of the graphene can be predicted within the Kubo approximation,
being composed of the intra-band and inter-band contribution of the electron transitions.
According to the Kubo formula, the corresponding surface conductivity and electron
transition contributions are as follows [58]:

σ(ω, Γ, µc, T) = σintra(ω, Γ, µc, T) + σinter(ω, Γ, µc, T) (1)

where σintra and σinter are expressed as:

σintra(ω, Γ, µc, T) =
ie2kBT

πh̄2(2πvλ−1 + iτ−1)
[

µc

kBT
+ 2ln(exp(− µc

kBT
) + 1)] (2)

σinter(ω, Γ, µc, T) =
ie2

4πh̄
ln[

2|µc| − (2πvλ−1 + iτ−1)h̄
2|µc|+ (2πvλ−1 + iτ−1)h̄

] (3)
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in which v = 299,792,458 m/s is the velocity of light in vacuum, λ is the incident wavelength,
kB = 1.3806488 × 10−23, J/K is the Boltzmann’s constant, T = 300 K, h̄ = h/2π is the reduced
Plank constant, e = 1.602176565×10−19, and C is the electron charge. The chemical potential
is determined by µc = h̄vF

√
πns in which ns is the carrier concentration [59]. Unless

otherwise stated, ns = 7 × 1013 cm−2 is used for all calculations, which is achievable under
realistic conditions [60]. Moreover, the electron–phonon relaxation time is calculated by
τ = (µµc)/(ev2

F), where µ = 104 cm2 · V−1 · s−1 is the carrier mobility and vF = 106 m · s−1

is the Fermi velocity. In the THz and mid-infrared regime, the surface conductivity of
graphene is dominated by the intra-band transition due to kBT� |µc|. Therefore, the inter-
band transition is neglected, and the surface conductivity of graphene can be simplified
as [58]

σ =
ie2µc

πh̄2(2πvλ−1 + iτ−1)
(4)

3. Results and Discussion

Before beginning to systematically analyze the sensing performance of graphene-
based helipad-shaped devices, the response mechanism of the proposed graphene meta-
surface in the desired THz region should be discussed. The amplitude transmission
spectra of the circular graphene ring, the H-shaped pattern, and the combined structure
are presented in Figure 2a. It clearly illustrates that there is only a resonance transmis-
sion dip located at 1.70 THz within the investigated THz window when only the outer
graphene ring exists. Meanwhile, for the case of only the H-shaped structure, there
are two transmission dips located at 0.69 THz and 2.38 THz, respectively. The latter
is more remarkable than the former. As a result, these two graphene microstructures
can directly couple with the incident light in the THz region, acting as the bright mode.
When these two graphene microstructures are integrated together, a distinct transmis-
sion curve with two resonance dips is obtained. These two dips are located at 1.00 THz
and 2.20 THz, respectively. This result reveals that our proposed graphene metasurface
can efficiently excite double resonance responses. To deeply decipher the underlying
physical mechanism of the dual resonance phenomenon, the electric field distribution
at each resonant dip labeled “Dip1”, “Dip2”, and “Dip3” in Figure 2a is studied as
displayed in Figure 2b–d. We find that the electric field in Figure 2b mainly distributes at
the outer edge of the graphene ring with an extremely weak intensity. For the H-shaped
microstructure in Figure 2c, the electric field distributes at the edge of the pattern, and
the intensity at the two gaps is much higher than that at the other portions. Furthermore,
for the combined microstructure, as presented in Figure 2d, the electric field at the inner
edge of the circular graphene ring and the outer edge of the H-shaped microstructure is
enhanced. Interestingly, the electric field at the two gaps of the H-shaped microstructure
becomes weaker. This convincingly shows that there is an energy transference of the
electric field in the proposed graphene metasurface, originating from the near field
coupling between the bright and dark modes [61]. Ultimately, a destructive interference
occurs, which leads to a different transparency window.

In order to explore the tunable window of the proposed graphene metasurface, we
investigate the influence on it through adjusting the geometric parameters as depicted in
Figure 3. g0 denotes the gap width of the H-shaped microstructure, and g1 is the spacing
between the inner edge of the circular graphene ring and the outer edge of the H-shaped
microstructure along the radial direction. It can be found that when the spacing g1 is 0.25 µm
and 0.5 µm, these two distinct microstructures produce almost the same transmission
spectra, and their dips with a transmittance of 2.5% appear at 1.7 THz. A dual resonance
phenomenon can be clearly observed in the same THz region when g1 is increased to
0.75 µm, as shown in Figure 3a. Two transmission dips in the transmission spectra are
located at 1.02 THz and 2.18 THz, respectively, and a noticeable transparency window
appears between these two dips. It can be also observed that when g1 further increases
from 0.75 µm to 3 µm, the feature of the dual resonance response still persists, and the



Nanomaterials 2022, 12, 3889 5 of 13

transparency window becomes wider. Meanwhile, the spectral position of the transmission
Dip1 exhibits a red-shifted behavior, while a blueshift is found for the transmission Dip2.
The displacement of transmission Dip2 is significantly larger than that of transmission
Dip1 when g1 is 2 µm and 3 µm. This result is further confirmed by the frequency shift
in Figure 3c. The transmission spectra under different g0 is illustrated in Figure 3b. With
the increasing of g0 from 0.05 µm to 3 µm, each transmission dip is blueshifted, and the
dual resonance feature is not unaffected. However, there is an obvious difference in the
displacement of these two dips. As seen in Figure 3d, compared with the transmission
Dip1, the displacement of the transmission Dip2 is more than two times its displacement
at a given g0. Moreover, the transparency window first becomes larger and then remains
unchanged when g0 is increased to 3 µm from 0.05 µm. For the line width of two rings,
the transmission spectra directly show that the line width of two rings has a significant
influence on the transmission spectea of the graphene metasurface, as displayed in Figure S1.
According to the results, we conclude that the dual resonance feature and the transparency
window can be individually controlled by modulating the structural parameters of the
graphene metasurface.

Figure 2. (a) Normalized THz transmission amplitudes of the graphene ring, H-shaped structure,
and both of them. (b,d) Distributions of electric field at frequency points Dip1, Dip2, and Dip3. These
three points are corresponded to the frequencies: (b) 1.70 THz, (c) 2.38 THz, and 2.2 THz, respectively.

One of the most interesting features of graphene is that its conductivity depends
largely on the chemical potential, which can be controlled by the carrier density [62].
Additionally, in addition to the geometric parameters, the carrier density is another critical
parameter that affects the performance of the proposed metasurface. Figure 4a shows the
effect of carrier density (chemical potential) on the transmission spectra of our proposed
graphene metasurface. It is clearly found that the spectral position of all transmission
dips moves into a higher frequency regime with the increasing of the carrier density
from 1 × 1013 cm−2 to 9 × 1013 cm−2. This means that an increasing carrier density
induces an obvious blueshift phenomenon. In Figure 4b, when the carrier density of
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the graphene metasurface increases from 1 × 1013 cm−2 to 9 × 1013 cm−2, the frequency
shifts of Dip1 and Dip2 present a gradually increasing trend. Meanwhile, the frequency
shift of transmission Dip2 is almost two times that of transmission Dip1. That result
indicates that the variation of the doping can control the position and dimension of the
transparency window. Figure 4c–f depict the electric field distribution at the transmission
peak with different carrier densities. We can find that the electric field mainly distributes
the two gaps of the H-shaped microstructure and the top-/bottom-spacing defined as the
distance between the inner edge of the graphene ring and the outer edge of the H-shaped
microstructure, ignoring the carrier density effect. When the carrier density increases from
1 × 1013 cm−2 to 7 × 1013 cm−2, the electric field on the same positions becomes stronger.
However, it should be noted that there is a minute deference in the intensity of the electric
field as the carrier density of graphene is increased to 7 × 1013 cm−2 from 5 × 1013 cm−2,
as displayed in the insert plots of Figure 4e,f, which is further confirmed by 3D electric
field distribution in Figure S2. That means that with further increasing carrier density of
graphene, the electric field intensity of the proposed metasurface may arrive at a threshold.
Therefore, it is extremely important to select a proper carrier density for designing graphene
metasurface with excellent properties.

Figure 3. Transmission spectrum of the graphene metasurface as a function of (a) the spacing
between the circular graphene ring and the H-shaped microstructure, and (b) the gap width of the
H-shaped microstructure. (c,d) The frequency shift versus different spacing and gap widths in the
proposed metasurface.

In order to investigate the sensing performance of the proposed graphene metasurface,
two breast cells, namely, breast normal cell (MCF10A) and breast cancer cell (MCF7), are
chosen as the target analytes. In actual experiments, analytes are not evenly covered
on the sensing region. Thus, in this simulation, MCF10A and MCF7 breast cells are
supposed to be in discrete hemispheres, where their diameters are set to 18.7 µm and
18.9 µm, respectively [63], and the corresponding refractive indexes are 1.387 and 1.401 [64],
respectively. As illustrated in Figure 5b, four possible sites of MCF10A and MCF7 on
the proposed graphene metasurface are considered to uncover the underlying effect of
different sites on the transmission response. In the case of single MCF7, we find that the
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transmission spectrum presents a significant redshift when MCF7 is located at the S1 and
S2, but the amount of the redshift at the S1 is larger than that at the S2. Interestingly, the
transparency window moves toward a higher frequency region as MCF7 appears at the
S3, and it becomes narrower. Meanwhile, the transmission peak has a large decrease, as
displayed in Figure 5c. It is unexpected that the first dip near 0.75 THz almost disappears
when MCF7 is arranged at the S4, and the second dip in the vicinity of 2.5 THz has an
obvious blueshift. By inspecting Figure 5d, we also observe that the response trend of the
transmission spectrum is similar to that of the MCF7 case when MCF10A is at S1, S2, and
S4. Nevertheless, the transmission spectrum with MCF10A at S3 is different from that of
MCF7 with the same site, but almost the same as that with MCF10A at S2. Therefore, the
breast cancer cells can be effectively identified by their transmission spectrum.

Figure 4. (a) Transmission spectrum with different carrier densities. (b) The frequency shifts versus
various carrier densities at two major resonance dips of the proposed graphene metasurface. (c–f) Dis-
tributions of the electric field for the corresponding transmission peaks as denoted in panel (a).

Considering the actual situation, we also investigate the effect of number of breast cell
on the transmission response, as shown in Figure 6. It should be pointed out that three
possible scenarios about the distribution of two MCF7 or two MCF10A on the graphene
metasurface, namely lied along the x axis, oblique direction (45◦ above the horizontal), and
y axis, are taken into account. The transmission spectrum in Figure 6a,b clearly presents that
the distribution position of two MCF7 or two MCF10A has an obvious effect on the response
of incident THz beam. Each scenario produces its own distinct transmission spectrum.
Meanwhile, we observe that there is little difference in the transmission spectrum between
the two-MCF7 case and two-MCF10A case, which could result in the inability to effectively
recognize breast cancer cells from breast normal cells. However, the transmission spectra
exhibit different responses when the number of breast cell is changed to two from one. In
contrast to the two-cells case, the response shape of the transmission spectra of the three-
/four-MCF7 case is nearly the same as that without breast cells, as plotted in Figure 6c. The
whole transmission spectrum moves toward the lower frequency region with the increasing
of the number of MCF7 from three to four. Curiously, when the number of MCF10A is
increased to three from two, a new dip that lies in the range of 1.25 THz and 1.50 THz is
excited, as illustrated in Figure 6d. The amount of redshift of the dip near 0.75 THz is much
bigger than that of the dip near 2.0 THz, which means that the dual-resonance response
may be favorable for detecting cancer cells with a low density. For the four-MCF10A case,
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the first dip of the transmission near 0.5 THz practically disappears, but its second dip still
is preserved. An expected redshift is observed in the transmission spectra. Overall, the
difference in THz response between MCF7 and MCF10A under the same conditions is in
favor of diagnosing cancer cells.

Figure 5. (a) The schematic diagram of the breast cancer cell and their sensing process. (b) The
possible sites of MCF10A and MCF7 on the graphene metasurface. (c,d) The transmission spectra of
single MCF7 and MCF10A on different sites in panel (b).

As the important elements of the biosensors, sensitivity (S), figure of merit (FOM),
and quality-factor (Q) can effectively characterize the sensing quality. These elements are
defined as [65]

S =
4 f
4n

(THz/RIU) (5)

FOM =
S

Full −WidthatHal f −Maximum
(6)

Q =
fres

Full −WidthatHal f −Maximum
(7)

where 4 f is the difference between the reference frequency without breast cell and the
resonance frequency with MCF7 or MCF10A. 4n is the variation of the refractive index
relatives to the air (n = 1). fres is the resonance frequency without or with the breast cells.
Notably, these sensing parameters are calculated at g0 = 0.2 µm and d0 = 1.0 µm. Since the
transmission peak almost disappears, the sensing parameters of the two-MCF7 case at S4,
the two-MCF10A case at S4, and four-MCF10A case are not considered in this discussion.
The fres, S, FWHM, FOM, and Q of our proposed graphene metasurface without and
with breast cell are listed in Table 1. Among all investigated cases, the S, FOM, and Q
of the proposed graphene metasurface with two MCF10A at at Sy are highest, namely,
1.21 THz/RIU, 2.75 RIU−1, and 2.43, respectively. Similarly, it can also be found that when
two-MCF7 is arranged at Sy, the graphene metasurface exhibits relatively high sensing
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parameters, namely, 1.17 THz/RIU, 2.66 RIU−1, and 2.43, which are smaller than that of
the two-MCF10A case at the same site. Furthermore, when one MCF7 appears at S3, the
graphene metasurface possesses a FOM of 1.06 RIU−1 and a Q of 4.26, but its S factor only
is 0.42 THz/RIU. In the meantime, this behavior also occurs in the three-MCF10A case, and
the corresponding parameters are 0.96 THz/RIU, 1.53 RIU−1, and 1.87, respectively. These
findings reveal that the site of the breast cell on the graphene metasurface has a noticeable
influence on the sensing performance.

Figure 6. The corresponding transmission spectra of the proposed metasurface with (a) two MCF7,
(b) two MCF10A, (c) three and four MCF7, and (d) three and four MCF10A.

Table 1. Characteristics of the proposed graphene metasurface without and with breast cells.

Analyte n Num. Site fres (THz) 4 f
(THz) S FWHM

(THz)
FOM

(RIU−1) Q

air 1.0 1.54 0.92 1.67

MCF7 1.401

one
S1 1.40 0.14 0.35 0.89 0.39 1.57
S2 1.50 0.04 0.10 0.90 0.11 1.67
S3 1.71 0.17 0.42 0.40 1.06 4.26

two
Sx 1.54 0.00 0.00 0.65 0.00 2.37
S45 1.52 0.02 0.05 1.02 0.05 1.49
Sy 1.07 0.47 1.17 0.44 2.66 2.43

three 1.42 0.12 0.30 0.87 0.35 1.64

four 1.40 0.14 0.35 0.85 0.41 1.66

MCF10A 1.387

one
S1 1.41 0.13 0.34 0.89 0.38 1.58
S2 1.51 0.03 0.08 0.90 0.09 1.68
S3 1.49 0.05 0.13 0.90 0.14 1.65

two
Sx 1.54 0.00 0.00 0.66 0.00 2.33
S45 1.52 0.02 0.05 1.04 0.05 1.46
Sy 1.07 0.47 1.21 0.44 2.75 2.43

three 1.17 0.37 0.96 0.62 1.53 1.87
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Ultimately, to better evaluate the sensing performance of our proposed graphene
metasurface for normal and cancerous breast cells, its sensing parameters are compared
to that reported in previous studies, as listed in Table 2. In comparison, the theoretical
sensitivity of the proposed graphene metasurface is relatively higher than that reported in
some literatures. However, it still needs to be improved in terms of structural design or
materials compared to sensors with ultra-high sensitivity. Similarly, its FOM and Q values
are moderate. These two parameters are more focused on in the optimization design due
to the relatively lower values. Although there are some improvements to be performed in
the proposed graphene metasurface, its sensitivity is sufficient to identify the normal and
cancerous tissue cells.

Table 2. Parametric comparison of the reported THz metamaterials or metasurfaces.

Microstructure S (THz/RIU) FOM (RIU−1) Q Ref.

Present work 1.21 2.75 2.43

MEMS-based metamaterial 0.379 63.83 66.01 [66]

All-polymeric THz sensor 3.34 8857 23,670 [67]

GMA based sensor 2.372 64.62 179.95 [68]

Split-ring resonator with four-gaps 0.285 1.88 6.6 [69]

Electric split-ring metamaterial 0.457 35.47 40.65 [70]

Black phosphorus-based nanostructure 1.06 0.166 ∼ [71]

3D graphene metastructure 0.96 ∼ ∼ [72]

4. Conclusions

In summary, we numerically and theoretically investigate the graphene metasurface,
which consists of an individual graphene ring and a H-shaped graphene microstructure. It
is found that this metasurface presents a behavior of dual-resonance response, which may
be favorable for improving the sensing capacity of human cancers. The dual-resonance
feature is controlled by adjusting the spacing size, but is unchanged by the gap size of the H-
shaped microstructure and the carrier density of graphene. Moreover, we notice that the size
and position of the transparency window are highly sensitive to the geometrical parameters
of the proposed metasurface and the carrier density of graphene. Thus, the transparency
window can be adjusted over a broad frequency range. The sensing performance is also
studied in depth, and it is clearly shown that the sensing parameters are dependent on the
cell type, cell count, and the position of cells on the graphene metasurface. Such a graphene
metasurface achieves an acceptable S, FOM, and Q, and the corresponding values are
1.21 THz/RIU, 2.75 RIU−1, and 2.43, respectively. Our work may offer new possibilities for
exploiting graphene or other 2D materials as sensing materials for cancer diagnosis.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12213889/s1, Figure S1: (a) Simulated transmission spectra
and (b) resonance frequency of the graphene metasurface for different line widths of two graphene
rings. Note that black, red, blue, olive, violet, and brown colors are denoted as w0 = 4 µm, w1 = 6 µm;
w0 = 4 µm, w1 = 4 µm; w0 = 4 µm, w1 = 2 µm; w0 = 2 µm, w1 = 2 µm; w0 = 2 µm, w1 = 4 µm; w0 = 2 µm,
w1 = 6 µm, respectively; Figure S2: The 3D electric field of the graphene metasurface with the carrier
density of (a) 1E13 cm−1, (b) 3E13 cm−1, (c) 5E13 cm−1, and (d) 7E13 cm−1.
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7. Borowczyk, M.; Woliński, K.; Więckowska, B.; Jodłowska-Siewert, E.; Szczepanek-Parulska, E.; Verburg, F.A.; Ruchała, M.
Sonographic features differentiating follicular thyroid cancer from follicular adenoma—A meta-analysis. Cancers 2021, 13, 938.
[CrossRef]

8. Liang, X.; Li, Y.; Li, X.; Jing, L.; Deng, Z.; Yue, X.; Li, C.; Dai, Z. PEGylated polypyrrole nanoparticles conjugating gadolinium
chelates for dual-modal MRI/photoacoustic imaging guided photothermal therapy of cancer. Adv. Funct. Mater. 2015,
25, 1451–1462. [CrossRef]

9. Taneja, S.S. Imaging in the diagnosis and management of prostate cancer. Rev. Urol. 2004, 6, 101.
10. Lee, S.; George Thomas, R.; Ju Moon, M.; Ju Park, H.; Park, I.K.; Lee, B.I.; Yeon Jeong, Y. Near-infrared heptamethine cyanine

based iron oxide nanoparticles for tumor targeted multimodal imaging and photothermal therapy. Sci. Rep. 2017, 7, 2108.
[CrossRef]

11. Hu, L.M.; Luo, K.; Xia, J.; Xu, G.M.; Wu, C.H.; Han, J.J.; Zhang, G.G.; Liu, M.; Lai, W.H. Advantages of time-resolved fluorescent
nanobeads compared with fluorescent submicrospheres, quantum dots, and colloidal gold as label in lateral flow assays for
detection of ractopamine. Biosens. Bioelectron. 2017, 91, 95–103. [CrossRef] [PubMed]

12. Chen, Y.; Ma, Z.; Li, A.; Li, H.; Wang, B.; Zhong, J.; Min, L.; Dai, L. Metabolomic profiling of human serum in lung cancer patients
using liquid chromatography/hybrid quadrupole time-of-flight mass spectrometry and gas chromatography/mass spectrometry.
J. Cancer Res. Clin. Oncol. 2015, 141, 705–718. [CrossRef] [PubMed]

13. Muzyka, K. Current trends in the development of the electrochemiluminescent immunosensors. Biosens. Bioelectron. 2014,
54, 393–407. [CrossRef] [PubMed]

14. Hamd-Ghadareh, S.; Salimi, A.; Fathi, F.; Bahrami, S. An amplified comparative fluorescence resonance energy transfer
immunosensing of CA125 tumor marker and ovarian cancer cells using green and economic carbon dots for bio-applications in
labeling, imaging and sensing. Biosens. Bioelectron. 2017, 96, 308–316. [CrossRef] [PubMed]

15. Pei, H.; Zhu, S.; Yang, M.; Kong, R.; Zheng, Y.; Qu, F. Graphene oxide quantum dots@ silver core–shell nanocrystals as turn-on
fluorescent nanoprobe for ultrasensitive detection of prostate specific antigen. Biosens. Bioelectron. 2015, 74, 909–914. [CrossRef]

16. Chen, X.J.; Zhang, X.Q.; Liu, Q.; Zhang, J.; Zhou, G. Nanotechnology: A promising method for oral cancer detection and diagnosis.
J. Nanobiotechnol. 2018, 16, 1–17. [CrossRef]

17. Ferguson, B.; Zhang, X.C. Materials for terahertz science and technology. Nat. Mater. 2002, 1, 26–33. [CrossRef]
18. Menikh, A.; MacColl, R.; Mannella, C.A.; Zhang, X.C. Terahertz biosensing technology: Frontiers and progress. ChemPhysChem

2002, 3, 655–658. [CrossRef]
19. Mickan, S.P.; Menikh, A.; Liu, H.; Mannella, C.A.; MacColl, R.; Abbott, D.; Munch, J.; Zhang, X. Label-free bioaffinity detection

using terahertz technology. Phys. Med. Biol. 2002, 47, 3789. [CrossRef]
20. Park, S.; Kim, A.; Hong, J.; Park, J.; Lee, S.; Ahn, Y. Crystallization kinetics of lead halide perovskite film monitored by in situ

terahertz spectroscopy. J. Phys. Chem. Lett. 2017, 8, 401–406. [CrossRef]
21. Ye, L.; Chen, Y.; Cai, G.; Liu, N.; Zhu, J.; Song, Z.; Liu, Q.H. Broadband absorber with periodically sinusoidally-patterned

graphene layer in terahertz range. Opt. Express 2017, 25, 11223–11232. [CrossRef] [PubMed]
22. Smye, S.; Chamberlain, J.; Fitzgerald, A.; Berry, E. The interaction between terahertz radiation and biological tissue. Phys. Med.

Biol. 2001, 46, R101. [CrossRef] [PubMed]

http://doi.org/10.1097/CM9.0000000000001474
http://www.ncbi.nlm.nih.gov/pubmed/33734139
http://dx.doi.org/10.1002/adfm.201807859
http://dx.doi.org/10.3322/caac.21660
http://www.ncbi.nlm.nih.gov/pubmed/33538338
http://dx.doi.org/10.1002/ijc.33588
http://www.ncbi.nlm.nih.gov/pubmed/33818764
http://dx.doi.org/10.1016/j.snb.2021.130258
http://dx.doi.org/10.1016/j.eururo.2019.06.023
http://dx.doi.org/10.3390/cancers13050938
http://dx.doi.org/10.1002/adfm.201402338
http://dx.doi.org/10.1038/s41598-017-01108-5
http://dx.doi.org/10.1016/j.bios.2016.12.030
http://www.ncbi.nlm.nih.gov/pubmed/28006689
http://dx.doi.org/10.1007/s00432-014-1846-5
http://www.ncbi.nlm.nih.gov/pubmed/25293627
http://dx.doi.org/10.1016/j.bios.2013.11.011
http://www.ncbi.nlm.nih.gov/pubmed/24292145
http://dx.doi.org/10.1016/j.bios.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28525848
http://dx.doi.org/10.1016/j.bios.2015.07.056
http://dx.doi.org/10.1186/s12951-018-0378-6
http://dx.doi.org/10.1038/nmat708
http://dx.doi.org/10.1002/1439-7641(20020816)3:8<655::AID-CPHC655>3.0.CO;2-W
http://dx.doi.org/10.1088/0031-9155/47/21/317
http://dx.doi.org/10.1021/acs.jpclett.6b02691
http://dx.doi.org/10.1364/OE.25.011223
http://www.ncbi.nlm.nih.gov/pubmed/28788804
http://dx.doi.org/10.1088/0031-9155/46/9/201
http://www.ncbi.nlm.nih.gov/pubmed/11580188


Nanomaterials 2022, 12, 3889 12 of 13

23. Baxter, J.B.; Guglietta, G.W. Terahertz spectroscopy. Anal. Chem. 2011, 83, 4342–4368. [CrossRef] [PubMed]
24. Globus, T.; Woolard, D.; Khromova, T.; Crowe, T.; Bykhovskaia, M.; Gelmont, B.; Hesler, J.; Samuels, A. THz-spectroscopy of

biological molecules. J. Biol. Phys. 2003, 29, 89–100. [CrossRef] [PubMed]
25. Chen, X.; Fan, W.; Song, C. Multiple plasmonic resonance excitations on graphene metamaterials for ultrasensitive terahertz

sensing. Carbon 2018, 133, 416–422. [CrossRef]
26. Park, S.; Hong, J.; Choi, S.; Kim, H.; Park, W.; Han, S.; Park, J.; Lee, S.; Kim, D.; Ahn, Y. Detection of microorganisms using

terahertz metamaterials. Sci. Rep. 2014, 4, 4988. [CrossRef]
27. Ju, L.; Geng, B.; Horng, J.; Girit, C.; Martin, M.; Hao, Z.; Bechtel, H.A.; Liang, X.; Zettl, A.; Shen, Y.R.; et al. Graphene plasmonics

for tunable terahertz metamaterials. Nat. Nanotechnol. 2011, 6, 630–634. [CrossRef]
28. Withayachumnankul, W.; Abbott, D. Metamaterials in the terahertz regime. IEEE Photonics J. 2009, 1, 99–118. [CrossRef]
29. Wang, R.; Xu, W.; Chen, D.; Zhou, R.; Wang, Q.; Gao, W.; Kono, J.; Xie, L.; Ying, Y. Ultrahigh-sensitivity molecular sensing with

carbon nanotube terahertz metamaterials. ACS Appl. Mater. Interfaces 2020, 12, 40629–40634. [CrossRef]
30. Xu, W.; Xie, L.; Ying, Y. Mechanisms and applications of terahertz metamaterial sensing: A review. Nanoscale 2017, 9, 13864–13878.

[CrossRef]
31. Beruete, M.; Jáuregui-López, I. Terahertz sensing based on metasurfaces. Adv. Opt. Mater. 2020, 8, 1900721. [CrossRef]
32. Al-Naib, I.; Hebestreit, E.; Rockstuhl, C.; Lederer, F.; Christodoulides, D.; Ozaki, T.; Morandotti, R. Conductive coupling of split

ring resonators: A path to THz metamaterials with ultrasharp resonances. Phys. Rev. Lett. 2014, 112, 183903. [CrossRef] [PubMed]
33. Singh, R.; Rockstuhl, C.; Lederer, F.; Zhang, W. The impact of nearest neighbor interaction on the resonances in terahertz

metamaterials. Appl. Phys. Lett. 2009, 94, 021116. [CrossRef]
34. Gupta, M.; Singh, R. Toroidal versus Fano resonances in high Q planar THz metamaterials. Adv. Opt. Mater. 2016, 4, 2119–2125.

[CrossRef]
35. Miyamaru, F.; Saito, Y.; Takeda, M.W.; Hou, B.; Liu, L.; Wen, W.; Sheng, P. Terahertz electric response of fractal metamaterial

structures. Phys. Rev. 2008, 77, 045124. [CrossRef]
36. Lan, C.; Ma, H.; Wang, M.; Gao, Z.; Liu, K.; Bi, K.; Zhou, J.; Xin, X. Highly efficient active all-dielectric metasurfaces based on

hybrid structures integrated with phase-change materials: From terahertz to optical ranges. ACS Appl. Mater. Interfaces 2019,
11, 14229–14238. [CrossRef] [PubMed]

37. Wang, B.X.; Wang, G.Z.; Wang, L.L. Design of a novel dual-band terahertz metamaterial absorber. Plasmonics 2016, 11, 523–530.
[CrossRef]

38. West, P.R.; Ishii, S.; Naik, G.V.; Emani, N.K.; Shalaev, V.M.; Boltasseva, A. Searching for better plasmonic materials. Laser Photonics
Rev. 2010, 4, 795–808. [CrossRef]

39. Sensale-Rodriguez, B.; Yan, R.; Kelly, M.M.; Fang, T.; Tahy, K.; Hwang, W.S.; Jena, D.; Liu, L.; Xing, H.G. Broadband graphene
terahertz modulators enabled by intraband transitions. Nat. Commun. 2012, 3, 780. [CrossRef]

40. Huang, Z.; Chen, H.; Huang, Y.; Ge, Z.; Zhou, Y.; Yang, Y.; Xiao, P.; Liang, J.; Zhang, T.; Shi, Q.; et al. Ultra-broadband wide-angle
terahertz absorption properties of 3D graphene foam. Adv. Funct. Mater. 2018, 28, 1704363. [CrossRef]

41. Liu, Y.; Yin, J.; Wang, P.; Hu, Q.; Wang, Y.; Xie, Y.; Zhao, Z.; Dong, Z.; Zhu, J.L.; Chu, W.; et al. High-performance, ultra-
broadband, ultraviolet to terahertz photodetectors based on suspended carbon nanotube films. ACS Appl. Mater. Interfaces 2018,
10, 36304–36311. [CrossRef] [PubMed]

42. Yang, Z.Y.; Jin, L.J.; Lu, G.Q.; Xiao, Q.Q.; Zhang, Y.X.; Jing, L.; Zhang, X.X.; Yan, Y.M.; Sun, K.N. Sponge-templated preparation
of high surface area graphene with ultrahigh capacitive deionization performance. Adv. Funct. Mater. 2014, 24, 3917–3925.
[CrossRef]

43. Bonaccorso, F.; Sun, Z.; Hasan, T.; Ferrari, A. Graphene photonics and optoelectronics. Nat. Photonics 2010, 4, 611–622. [CrossRef]
44. Martín, C.; Kostarelos, K.; Prato, M.; Bianco, A. Biocompatibility and biodegradability of 2D materials: Graphene and beyond.

Chem. Commun. 2019, 55, 5540–5546. [CrossRef] [PubMed]
45. Ren, L.; Zhang, Q.; Yao, J.; Sun, Z.; Kaneko, R.; Yan, Z.; Nanot, S.; Jin, Z.; Kawayama, I.; Tonouchi, M.; et al. Terahertz and infrared

spectroscopy of gated large-area graphene. Nano Lett. 2012, 12, 3711–3715. [CrossRef] [PubMed]
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