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ABSTRACT: It is vital and promising for portable and disposable biosensing
devices to achieve on-site detection and analysis of cancer cells. Although
traditional labeling techniques provide an accurate quantitative measurement,
the complicated cell staining and high-cost measurements limit their further
development. Here, we demonstrate a nonimmune biosensing technology. The
plasmonic biosensors, which are based on anisotropic resonant split ring
resonators in the terahertz range, successfully realize the antibody-free

recognition of cancer cells. The dependences of Af and the fitted phase slope . Phase Slope
on the cancer cell concentration at different polarizations give new perspective - g e v _’ e
in hexagonal radar maps. The results indicate that the lung cancer cell AS49 and ‘ . - > L reien
liver cancer cell HepG2 can be distinguished and determined simply based on - I o -

pG2 O A549

the enclosed shapes in the radar maps without any antibody introduction. The

minimum concentration of identification reduces to as low as 1 X 10* cells/mL and such identification can be kept valid in a wide
range of cell concentration, ranging from 10* to 10°. The construction of two-dimensional extinction intensity cards of
corresponding cancer cells based on the wavelet transform method also supplies corresponding information for the antibody-free
recognition and determination of two cancer cells. Our plasmonic metasurface biosensors show a great potential in the
determination and recognition of label-free cancer cells, being an alternative to nonimmune biosensing technology.

KEYWORDS: metasurfaces, terahertz, antibody-free biosensing, cancer cells, continuous wavelet transform

B INTRODUCTION complicated cell staining, greatly simplifying the test procedure
and lowering the test cost. Despite the success of MBs in cell
measurements, they still suffer from an inevitable defect, that
is, surface modification by immobilizing antibody. The specific
recognition of antigen to antibody contributes to the selective
detection of such immune biosensors, but the limited
modification area and deficient device-recycling restrict the
MBs toward higher performance. Especially, for the measure-
ment of cancer cells, the lack of available antibody makes the
differentiating for different types of cancer cells hard based on
traditional immune biosensors. The MB platform that can
distinguish the label-free cancer cells without the antibody
introduction turns out to be urgent.

The plasmonic metasurfaces with SRRs, as well known, can
exhibit anisotropic resonant response to electromagnetic waves
by specifically designing their asymmetric configuration. The
polarization-dependent resonant characteristics extend the

Metamaterials, consisting of artificial “meta-atoms” that can
resonate with incident electromagnetic waves, bring new
insight into light—matter interaction.'™* Their extraordinary
optical properties such as negative refractive index, inverse
Doppler effect, and diffraction, which are unachievable in
natural materials, bring an unprecedented advancement in
various fields including transformation optics, communication
engineering, and hologram imaging.s_9 Metasurfaces, the two-
dimensional equivalent metamaterials, are recently proposed
and are attractive in the research community.'’~"* By
periodically arranging planar meta-atoms such as split ring
resonators (SRRs), the specific surface plasmonic resonances
can be induced by incident electromagnetic waves.”> More
importantly, metasurfaces are much more sensitive to the
change in local environment due to the strong localized fields
in the near-field, exhibiting a great potential in biosensing,
especially for the fast and accurate detection of cancer cells.
Recently, several works about the biosensors based on the
metasurfaces have been reported.'®™>* By measuring the shift
Af in the frequency range of resonant positions, the
concentration change in cells can be detected. Compared
with current labeling methods (e.g., flow cytometer), metasur-
face biosensors (MBs) are an alternative to avoid the
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biosensing criteria into other polarization components. The
component resonances may reveal certain matter-related
response parameters that are unexplored before. Such
anisotropic features supply abundant biosensing information
because it helps us to acquire multidimensional information for
the wave—matter interaction from a more comprehensive
perspective. On the other hand, terahertz (THz) waves are
characterized by the low average power and nonionization,
being attractive to the photonic sensing technology.”*™*°
Notably, since the frequency location of most intermolecular
interactions is in the THz range, the THz waves show great
promise in biological applications.”” Besides, as the majority of
biological matters comprise chiral molecular units such as
amino acids and sugars, the biomacromolecules formed from
these units also exhibit chirality on molecular scales, which can
cause optical rotation.”® In other words, the orientation of the
polarization plane about the optical axis of linearly polarized
light would be rotated when THz waves travel through chiral
materials. For this reason, the MBs with anisotropic resonant
parameters combined with chiral biomatters exhibit specialized
polarization-dependent features, contributing to the antibody-
free recognition of cancer cells.

Here, we propose a nonimmune biosensing platform based
on anisotropic resonant metasurfaces for antibody-free
recognition of cancer cells. The mirror-asymmetric design of
plasmonic SRRs enables the MBs to generate specific resonant
response to THz waves with the change in polarization. In
experiments, two kinds of cancer cells, AS49 and HepG2, are
cultured on MBs. By measuring the THz transmission spectra,
the dependences of Af and the fitted phase slope (FPS) on the
cancer cell concentration at different polarization cases are
acquired. Some anomalous features such as the decreasing
stage in the Af with the increase in cell concentration are
observed, indicating the possible cell state distinction between
different concentrations. When the cell concentration reaches
the highest (5 X 10° cells/mL), the Af in all polarization cases
reach the maximum in our measurements, which are up to 213
GHz for A549 cells and 198 GHz for HepG2 cells. More
importantly, in FPS radar maps, the enclosed areas of HepG2
cells are always larger than those of A549 cells. Such an
insensitive feature to cell concentration enables to directly
differentiate two kinds of cancer cells only based on the
significant difference in the enclosed shapes in the radar maps
without any antibody introduction and cellular staining. The
minimum concentration of identification reduces to as low as 1
X 10* cells/mL and such identification can be kept valid in a
wide range of cell concentration, ranging from 10* to 10°
Finally, a set of standard two-dimensional extinction intensity
cards of cancer cells have been built based on the continuous
wavelet transform (CWT) method. Through matching the
measured extinction intensity graphs of cells with the standard
cards, the recognition and determination of label-free A549
and HepG2 cancer cells can be further affirmed. Our
plasmonic MBs realize the fast detection and antibody-free
recognition of AS49 and HepG2 cancer cells, being a potential
alternative to the future nonimmune biosensing technology.

B EXPERIMENTAL SECTION: SAMPLES AND
PROCEDURES

The mirror-asymmetric configuration of SRRs is designed to induce
the anisotropic resonances, as seen in Figure la. The structure of unit
cell is shown in Figure 1b; the detailed structural parameters are
given: P = 63 pum, [ = S8 ym, g = 4 ym, d = 14 ym, and h = 10 um.

() THz beams (b) k

oy

different polarized E

Figure 1. (a) Schematic illustration of MB platforms: THz beams
penetrates through the devices on which cancer cells were cultured.
(b) Design of the unit structure: P = 63 ym, [ = S8 ym, g = 4 ym, d =
14 pm, and h = 10 pm. (c) Photomicrograph of the fabricated
metasurface in a small zone. (d) Physical photograph of flexible MBs.

The metallic linewidth is 3.6 ygm. The SRR array is supported on the
polyimide (PI) substrate. The flexible feature makes the devices more
effective and accessible, providing opportunities for rapid detection of
cancer cells. The photomicrograph and physical photograph of MBs
are shown in Figure 1¢,d, respectively. To demonstrate the biosensing
performance of MBs, two kinds of cancer cells, nonsmall lung cancer
cells A549 and human hepatocellular carcinomas HepG2, are cultured
on the platforms. The main steps including sample fabrication and cell
culturing method are schematically displayed in Figure 2. The
rotation sample holder controls the polarization angle of incident THz
waves. The patterns of SRRs are acquired by standard photo-
lithography, and cell culturing follows the adherent cell culturing
method. More details can be found in the Experimental Section.

B RESULTS AND DISCUSSION

First, the THz spectra of fabricated metasurfaces are measured
under different polarization angles of incident waves, as seen in
Figure 3. With the polarization angle 8 changing from 0 to
150°, the transmission response of the metasurface also varies.
Such distinct resonances indicate the polarization-dependent
feature of proposed MBs. As can be seen, three obvious
resonant positions are observed when the electric field is
oriented along the y axis (Figure 3a) and the resonance only
remains one when 6 is 150° (Figure 3f). Meanwhile, it can be
found from Figure 3a—f that the simulation results agree well
with experiments except for a little discrepancy in transmission
intensity, which may be caused by the fabrication error and
larger dielectric loss of samples. The electric-field distributions
at each resonance are also monitored and given in insets.
When the polarization changes, the corresponding resonant
mode transforms as well. These specific modes induced by
different polarized waves originate from the component of
excited waves. As polarization rotates, the excited field along
the y axis is in fact a component of the electric field. Such a
component change demonstrates the anisotropic resonance
property of the metasurface. The extended resonant features
provide an opportunity to acquire more resonance parameters,
contributing to a more accurate determination and antibody-
free recognition.

The experimental measurements under E,-polarized THz
waves are taken as an example and shown in Figure 4. As
mentioned before, three resonant dips are induced under this
condition, as shown in Figure 4a. Six concentrations of HepG2
cells are cultured on MBs, and three of them are shown in
Figure 4a—c. The corresponding photomicrographs are also
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Figure 2. (a) Optical path installation of THz measurement system. (b) Main steps of sample fabrication (left column) and cell culturing process
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Figure 3. Transmission spectrum of the metasurface under the polarization angles of (a) 0, (b) 30, (c) 60, (d) 90, (e) 120, (f) 150°. The
corresponding electric-field distributions at each resonant position are given in insets.

inserted. All measurement results of six concentrations can be
found in the Supporting Information, Figure S1. Obviously,
after the cancer cell culturing, the transmission spectra of
samples slightly change and three main resonant dips redshift
in the frequency range. In order to acquire the dependence of
the frequency shift Af on the cell concentration, the
corresponding shift values of three resonant dips are extracted
(Figure 4d). Notably, owing to the fabrication error and
nonspecific biomolecule absorption, the resonant frequency of
each bare sample may not appear at the same position and thus
leads to severe false positive issues. In order to obtain the
accurate Af, every bare sample is first measured before
culturing the cells. The corresponding resonant frequency is
represented as f,-(b“e) (i=1,2,3,4,5,6). After the cells are
cultured on every sample, the resonant frequencies are
measured again and recorded as £, Thus, the relative Af

is defined as Af = £, — £®¥) 1t should be mentioned that
all bare samples were taken out from the culturing medium
followed by the spectral measurements. In other words, the
influences resulting from other nonspecific biomolecules are
measured by bare samples. By subtracting the resonant
frequency of bare samples from that of samples with cancer
cells, the effects introduced by absorbed nonspecific bio-
molecules were removed. The results shown in Figure 4d imply
that the Af of three resonant dips reach the highest when the
cell concentration increases to the maximum of S X 10° cells/
mL. In addition, a higher resonance exhibits a higher Af under
the same cell concentration. At dip 3, the highest Af is up to
198 GHz. However, the Af experiences a descending stage
when the cell concentration arrives at 5 X 10* and 3 X 10°
cells/mL. In contrast to the continuously increasing Af with
the increase in cell concentration in previous works we

11390 https://dx.doi.org/10.1021/acsami.0c00095

ACS Appl. Mater. Interfaces 2020, 12, 11388—11396


http://pubs.acs.org/doi/suppl/10.1021/acsami.0c00095/suppl_file/am0c00095_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00095?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00095?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00095?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00095?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00095?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00095?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00095?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.0c00095?fig=fig3&ref=pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c00095?ref=pdf

ACS Applied Materials & Interfaces

Research Article

www.acsami.org

50 50 50
(a) Bare (b) Bare (C) Bare
wl 1e4 cells/ml sl — Se4 cells/ml SeS cells/ml
o - . 4ot
< g S
<
E 30 E 30 E 30
A 2 2
g 20 E 20 E 2
w» w» w»
= = =
8 [+ &
=~ 10 = 10 = 10
0 0 0
Frequency (THz) Frequency (THz)
led cells/ml —— 3e4 cells/ml 2 e
e4 cells/m cells/m| —0O— Phase difference
3 (e) Se4 cells/ml 1e5 cells/ml (f) ﬁ kS
° 3¢5 cells/ml 5e5 cells/ml 08F LN\ ope 0.4
g @
o 2 04l B Jo.3
S 3 2
= £ s —_— 2
3 B £ oof x N {02 3
- 2 =] e
:? 2 % 0.4 0.1 »
= 27T 1
[
08} {0.0
0 1 2 3 4 5

Cell concentration (1e5 cells/ml)

Frequency (THz)

Cell concentration (1eS cells/ml)

Figure 4. (a—c) Experimental transmission spectra of MBs at different cancer cell concentrations increasing at 1 X 10% 5§ X 10%, and 5 X 10° cells/
mL under E,-polarized THz waves. (d) Dependence of Af on cell concentration increasing from 1 X 10* to 5 X 10° cells/mL. (e) Phase difference
between the sample with and without cancer cells under every cell concentration. (f) Dependence of extracted phase differences and fitted phase

slopes on cancer cell concentration.

20,29,30 T .
reported,””*”*° such a variation in Af is anomalous. Compared

with the oral cancer cells investigated in previous works, the
HepG2 cells have a larger cell volume. It can be clearly
observed from insets in Figure 4b and Figure Sle that the
descending Af mainly emerges at the two concentrations
where larger cells are scattered on. It is inferred that the mode
coupling of SRRs in the near-field may be greatly disturbed by
cancer cells with larger cell volume. The effective permittivity
of dielectric environment produces an anomalous response. It
should be mentioned that such descending Af may appear in
the case of a lower cell concentration in which the cell size and
distribution position become dominant. Meanwhile, in a higher
cell concentration on MBs, the Af would increase prominently
with the increment in cells, which agrees with our previous
observations. It is the uncertainty created by cell state that
makes the request for additional information to accurately
determine the cancer cells in a low concentration. Other
spectral parameters should be considered to obtain more
biological information. The phase difference of MBs is
measured for every cell concentration as seen in Figure 4e
where the dependence of phase difference on frequency is
quasi-linear except for a specific dip in the frequency range at
about 2.73 THz. Consequently, the linear fitted phase slope
(FPS) and the phase difference values at the dip can be
considered as another biosensing criteria for MB platforms. It
is observed from Figure 4f that the phase difference and FPS
have almost the same variation with the increase in cancer
cells. Meanwhile, slight decreases in phase difference and FSP
are observed with the cell concentration. These results imply
that the phase is also altered after the introduction of cells.
Such a phase information and Af compose a multidimensional
biosensing, enhancing the determination and the recognition
of cancer cells by using plasmonic MBs.

11391

The principle of metasurface biosensing platforms can be
interpreted by the perturbation theory. Based on two curl
equations related E(r) to H(r) in electromagnetic dynamics,
the condition on the electric field is written as

2
V XV XE®r) = (2) e(r)E(r)
c (1)
By applying the perturbation procedure to eq 1, we obtain a
simple formula for the frequency shift Aw that results from a
small perturbation A¢ of the dielectric function

o [d&rAe(r)IE(r)

2 /d3r8(r)|E(r)|2 o(ae)

)

Consider the case of a material with a refractive index n = /€
in which the index is perturbed in some regions by an amount
An. The volume integral in the numerator of the equation
(Figure S3) has nonzero contributions only from the perturbed
regions. Writing Ae & €2An/n and supposing that An/n is the
same in all the perturbed regions (and can therefore be
brought outside the integral), we obtain

Aw _An

R X P
0]

()
P represents the fraction of [¢|EI* in the perturbed regions. It
can be seen that the fractional change in frequency is equal to
the fractional change in index multiplied by the fraction of the
electric-field energy inside the perturbed regions. In other
words, if the dielectric environment in the near-field of the
SRR surface changed due to the introduction of biological
cells, the resonant frequency also generates a shift in the
frequency range.

Due to the mirror-asymmetric designs of SRRs, the resonant
response to THz waves is extended with the change in

n
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polarization. By measuring the Af and phase for every
polarization scheme, the proposed MB platforms with
anisotropic resonances are able to acquire more comprehensive
insights into changes in cancer cells. Figure 5 shows the
dependence of measured Af and phase information on cell
concentration in terms of two kinds of cancer cells in certain
polarization cases. It suggests from Figure Sa,b that although
the maximum of Af are always reached at the highest cell
concentration of 5 X 10° cells/mL in all measurements with
different polarization schemes, the dependences of Af on the
cell concentration are slightly the same. For example, in the
case of a polarization angle of 150°, the Af roughly experiences
a decline and rise stage before and after the concentration of
HepG2 cells arrives at 3 X 10° cells/mL. Whereas for A549
cells, the Af experiences a rise stage before the cell
concentration arrives at 1 X 10° cells/mL. Once this
concentration is exceeded, the Af does not increase until the
cell concentration is over 3 X 10° cells/mL. In addition, the
maximum of Af maybe diverse for different polarization
measurements. When the polarization angle is 60°, the
maximum of Af are up to 145 GHz and 213 GHz for
HepG2 and AS49 cells, respectively. The variations in Af
indicate that the proposed MBs are able to detect the
concentration of cancer cells. The theoretical sensitivity of the
designed MBs can reach up to 525 GHz/RIU (see more details
in the Supporting Information, Figure S2). While for
experimental results, due to the unknown refractive index of
cancer cells, it is difficult to obtain the experimental sensitivity.
For this reason, we use the AS49 cells to evaluate the
biosensing ability as a reference of practical sensitivity. Since
the Af was found to be 213 GHz at the cell concentration of §
X 10° cells/mL, the practical sensitivity was calculated to be S
= Af/An = 213 GHz/(5 X 10%) cells/mL = 430 kHz/cell
mL™!, which means that an A549 cell per milliliter would lead
to the shift of 430 kHz in the resonant frequency. Also, some
of the typical features displayed in the correspondence of Af to
the cell concentration may also imply the cell state distinction
between different cancer cells in the THz measurements. The
complete data could be found in the Supporting Information,
Figure S3. The phase information of two kinds of cancer cells
supplies additional perspective. Similar to the Af change, FPS
also varied with different polarizations. Obviously, for the
polarization angle of 120°, the FPS roughly decreases with the
increase in HepG2 concentration, while the AS49 cells
undergo a steep change at the concentration of S X 10*
cells/mL. Meanwhile, the FPS exhibits the opposite signs for
two kinds of cancer cells. The FPS values of HepG2 cells for all
concentrations are bigger than zero, which means the positive
sign of FPS. For A549 cells, except for the positive slope at 5 X
10* cells/mL, the negative slopes are exhibited at other
concentrations. Such distinct FPS characteristics in two cancer
cells are also found in other polarization cases (see the
Supporting Information, Figure S3).

From above various dependences of Af and FPS on cell
concentration, it can be found that there is a certain correlation
between the polarization and the optical parameters (Af or
FPS) for two kinds of cancer cells. Notably, because the
polarization direction is rotated around the MBs, the Af and
the FPS would constitute certain enclosed shapes if the
corresponding values located in each polarization direction are
connected. Therefore, in order to construct the overall images
about the dependence of Af and FPS on the polarization
direction, the hexagonal radar maps are plotted in Figure 6.

The Af radar maps under different cell concentrations are
shown in Figure 6a. For convenient comparison, the shapes
corresponding to HepG2 and A549 cells are given together
and represented by different colors. It is clearly shown from
results that no matter which kind of cell is, the area of enclosed
shapes covers the biggest at the S X 10° cells/mL.
Furthermore, the Af distribution turned out to be anisotropic,
which can be inferred from the enclosed shape. For instance,
the AS49 cells mainly generate a high Af at the 0° polarization
angle when the cell concentration is 3 X 10* cells/mL.
Meanwhile, the high Af appears at the polarization angle of 90°
when the cell concentration increases to 5 X 10* cells/mL. The
multicriteria feature resulting from polarization-dependent
resonances of MB platforms transforms the one-dimensional
dependence of Af on cell concentration into two-dimensional
shapes, enhancing its validity to detect small quantities of
biological analytes. The most striking results that emerge from
the data are shown in Figure 6b. The FPS radar maps between
the A549 and HepG2 groups show that the enclosed area of
HepG2 cells are always bigger than that of A549 cells in the
radar maps, which means that two kinds of cancer cells can be
well recognized based on the significant difference in enclosed
shapes in these radar maps without any cellular staining
process. As seen from the maps of each cell concentration,
most of the zone is occupied by the black shape representing
the HepG2 cell group. Instead, the red shape representing the
AS49 cell group only occupies small space. Also, for most cell
concentrations, the enclosed shape of A549 cells concentrates
on the center of radar maps. The minimum concentration of
identification reduces to as low as 1 X 10* cells/mL.
Meanwhile, the radar maps displayed from 1 X 10* to § X
10° cells/mL mean that such identification can be kept valid in
a wide range of cell concentration, covering from 10* to 10°.
This remarkable feature insensitive to cell concentration gives
strong power to the MB platforms, making it be a new
nonimmune biosensing technology to rapidly determine and
distinguish the label-free cancer cells in a wide cell
concentration range without any antibody introduction.
Additionally, this fundamental work shows great potentials in
the detection of cancer cells from a new perspective. Based on
this technique, we can continue to measure the anisotropic
characteristics of other biological cells. For example, by
building the data base, the shapes of the cell mixture in
radar maps can be decomposed, and thus, the separate features
may represent different biological cells.

The majority of studies on the state-of-the-art MB platforms
operating in the THz range, as far as we know, mainly focus on
their resonant changes in the frequency domain. However, the
method of fast Fourier transform (FFT) used in these studies
is to extract the frequency component at the cost of losing time
domain information, which is critical for metasurface
biosensing. In order to overcome this disadvantage and further
obtain a more comprehensive information for cancer cell
recognition, a new signal processing method was performed in
our experiments. Wavelet is a widely used mathematical branch
in the signal processing field. The double domains of
continuous wavelet transforms (CWT), that is, the time and
the frequency domains determine its ability of giving a
multiresolving analysis. In CWT, the analyzing function
wavelet W(t) serves as basic wave functions to be compared
to test signals f(t) by shifting the wavelet at distance b in the
time axis and compressing or stretching its waveform in a scale
a. The CWT basic definition can be written as
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Figure 7. Set of two-dimensional extinction intensity cards of (a) AS49 and (b) HepG2 cancer cells at each cell concentration and polarization

angle.

® 1 (t=b
W, f(a, b) = [w f(t)El// ( . )dt "

where W* represents the complex conjugate. Then, given an
expression as

y, (1) = w(t - b) = %W(t;bJ

Based on eq 5, eq 4 can be rewritten as
W, f(a, b) = (f(t), v, () (6)

Equation 6 suggests that the CWT can be considered as the
inner product of the time signals with the wavelet function.
More directly, the time signal f(t) is projected on the function
of ¥,,(t). It means that the one-dimensional signal is
transformed into two-dimensional function with two variable
parameters: the scale parameter a and the position parameter
b. By continuously varying the values of a and b, a series of
CWT coeflicients are obtained. Since the CWT analysis is a
measure of similarity between the basic functions (wavelets)
and the test signal, the CWT coefficients C (a, b) are referred
to the closeness of the signal to the wavelets at the certain a
and b. Here, we select the complex Morlet wavelet as the basic
wavelet function, which is expressed as’'

©)

y(t) = —— x s
f, 7)

where f, and f} are the central frequency and the bandwidth of
the Morlet wavelet, respectively. Here, the f. and f,, are both
selected to be 3 THz. If the measured time signals are taken as
f(t), using eqs 6 and 7, joint time-frequency analysis would be
achieved in which the parameter a is analogous to frequency
and b to the temporal position. In our study, the extinction
intensities (un-normalized) of sample mapping on time and
frequency domains are acquired by subtracting the intensity of
MBs with cells from that of bare samples after the processing
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of CWT. By dealing with the signals of different concentrations
of two kinds of cancer cells under different polarization angles,
we can build a set of two-dimensional extinction intensity cards
of corresponding cancer cells, as seen in Figure 7. The
graphical cards with the detailed information of THz wave—
cell interaction can be considered as the standard graphical
cards to discriminate the AS49 and HepG2 cancer cells
through matching the measured extinction intensity graphs of
cells and the standard cards. It is observed from the Figure 7a,b
that the extinction intensity cards for A549 and HepG2 cancer
cells are quite different from each other. For the cell
concentration of 1 X 10* cells/mL under a polarization angle
of 120° the strong extinction intensity mainly occurs in one
zone distributing from 15.93 to 18.56 ps in the time domain
and from 2.43 to 3.71 THz in the frequency domain. While for
the HepG2 cells under the same condition, the strong
extinction intensity split into two zones in the frequency
domain from 2.43 to 2.94 THz and from 3.26 to 4.22 THz.
The time domain mainly ranges from 15.65 to 19.02 ps.
Additionally, the maximum extinction intensity of HepG2
(~0.12) also differs from that of A549 (~0.25). More
distinctions can be found in other intensity cards as well.
For instance, the intensity distributions in the frequency
domain even split into multiple zones for HepG2 cells under
the concentration of 5 X 10° cells/mL while intensity
distributions split only into a few zones in the intensity cards
for AS49 cells. The successful construction of standard
extinction intensity indicates that we can identify and
determine the label-free cancer cells by matching the measured
extinction intensity graphs of cells under all polarization angles
and concentrations with corresponding standard cards.

B CONCLUSIONS

In summary, we have demonstrated a nonimmune biosensing
technology based on anisotropic resonant metasurfaces for
antibody-free recognition of cancer cells. The mirror-
asymmetric designs of plasmonic SRRs generate extended
resonant response to THz waves with the change of
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polarization. By measuring corresponding Af and phase
information under different cell concentrations at each
polarization case, their dependences on the A549 and
HepG2 cancer cell concentration enable the MBs to detect
the cell concentrations. Some anomalous features such as the
decreasing stage in the Af with the increase in cell
concentration are observed, indicating the possible cell state
distinction between different concentrations. Besides, the
polarization-dependent hexagonal radar maps of Af and FPS
supply strong multidimensional evidence of cancer cell
determination and recognition. When the cell concentration
reaches the highest (S X 10° cells/mL), the Af in all
polarization cases reaches the maximum in our measurements,
which are up to 213 GHz for A549 cells and 198 GHz for
HepG2 cells. More importantly, the enclosed area of HepG2
cells is always larger than that of AS49 cells in the FPS radar
maps. Such an insensitive feature to cell concentration
contributes to differentiate two kinds of cancer cells by the
significant area difference of enclosed shapes in the radar maps
without any antibody introduction and cellular staining. This
property makes the MB platforms a new potential tool to
rapidly distinguish the label-free cancer cells. Finally, a set of
standard two-dimensional extinction intensity cards of
corresponding cancer cells have been built based on the
CWT method. It indicates that we can identify and determine
the label-free cancer cells by matching the measured extinction
intensity graphs of cells under all polarization angles and
concentrations with corresponding standard cards. Although
the ability to detect circulating tumor cells is not yet achieved
using anisotropic MB platforms, this method also provides
some ideas for the detection of circulating cancer cells and
points the way for our future research. For example, we can
take the signal of biological context as a reference to normalize
the measurement signal of samples and calculate the frequency
shift, extracting the certain information of cancer cells. Also,
the presented method can be combined with other biological
means such as biological concentration to minimize the
influence of other biological matters, realizing the fast
detection of label-free cancer cells in a large number of
biological contexts.

B EXPERIMENTAL SECTION

Sample Fabrication. In experiments, the PI layer was first spin-
coated on the silicon substrate. Subsequently, the patterns of SRRs
were fabricated by standard photolithography (ABM Mask Aligner)
followed by the deposition of 20 nm Ti and 200 nm Au layers
(Denton Vacuum). Finally, the samples were immersed into the HF
solution for a few seconds, and the PI layer with patterned SRRs
supported upon would be peeled off from the silicon substrate. All
measurements are implemented in a THz-TDS system (ADVANT-
EST TAS7500SU).

Numerical Simulation. In simulation, the full-wave numerical
calculations installed in the commercial finite integration package
CST Microwave Studio are performed to build the theoretical models.
The periodic boundary conditions and the plane wave excitation are
adopted. The permittivity € and tan 6 of the PI layer are set to be 3.1
and 0.05, respectively.

Cell Culturing. The whole cultural procedure follows the
culturing method of adherent cells.’*** The cancer cells were
grown at 37°, with 10% concentration of CO, (Thermo Fisher
Scientific) in the culturing solution, which is mainly consist of
Dulbecco’s Modified Eagle’s medium (Gibco) supplemented with
10% fetal bovine serum (Gibco) and 1% combination of penicillin and
streptomycin (Gibco). After the cell morphology reaches a normal
state, we added the trypsin—EDTA (Gibco) to digest cells from the

walls of culturing bottles followed by the preparation of cell
suspension. After the uniform suspension is obtained, the cells are
seeded on the MBs and cultured again at the environment mentioned
before.
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