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Optical sensors, with great potential to convert invisible bioanalytical response into
readable information, have been envisioned as a powerful platform for biological analy-
sis and early diagnosis of diseases. However, the current extraction of sensing data is
basically processed via a series of complicated and time-consuming calibrations between
samples and reference, which inevitably introduce extra measurement errors and poten-
tially annihilate small intrinsic responses. Here, we have proposed and experimentally
demonstrated a calibration-free sensor for achieving high-precision biosensing detec-
tion, based on an optically controlled terahertz (THz) ultrafast metasurface. Photoexci-
tation of the silicon bridge enables the resonant frequency shifting from 1.385 to
0.825 THz and reaches the maximal phase variation up to 50° at 1.11 THz. The typical
environmental measurement errors are completely eliminated in theory by normalizing
the Fourier-transformed transmission spectra between ultrashort time delays of 37 ps,
resulting in an extremely robust sensing device for monitoring the cancerous process of
gastric cells. We believe that our calibration-free sensors with high precision and robust
advantages can extend their implementation to study ultrafast biological dynamics and
may inspire considerable innovations in the field of medical devices with nondestructive
detection.
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The ability to sense and monitor health condition in human organs is essential to
expand our understanding of biological processes for both physiological and pathologi-
cal pathways (1-3). Biosensors bridging the gap between clinicians and patients can
continuously track and transmit biomedical information to support health monitoring
and clinical decision making (4-6). For this reason, persistent refinement of biosensors
endowing the function to distinguish a specific target from a wide range of samples
provides indispensable tools for analytical and biochemical research as well as for medi-
cal diagnostics, rehabilitation, and healthcare applications (7-11). Traditional biologi-
cal detection methods, such as labeled immunoassays, PCR, and light microscopy, still
remain important in centralized laboratories when sample volumes are large and an
immediate response is not necessary (2). Nevertheless, low-cost, easy-to-use and label-
free optical sensors based on biomolecular recognition and measurement of refractive
index changes will be a game changer for the diagnosis of diseases, which can be widely
used in virtually any location (12-14).

Residing in the frequency domain between the microwave and infrared regions, tera-
hertz (THz) radiation has some peculiar characteristics such as low energy, high resolu-
tion, and satisfactory penetration, which renders it a suitable technology for biological
studies (15-18). For instance, considering the intramolecular and intermolecular vibra-
tions including hydrogen bonds, van der Waals forces, and nonbonding (hydrophobic)
interactions occurring in the THz band, THz technologies naturally open up an addi-
tional prospect for the identification of macromolecules like amino acids, proteins,
RNA, and DNA (19-21). In addition, the high sensitivity of THz waves to water is
perhaps the most exploited research direction in cell biology and has been intensely
investigated due to its promising perspectives in cancer detection (22, 23). However,
the reported sensors predominantly focus on recognizing the density of cancer cells,
while lacking the ability to monitor the evolution process of cells from normal to ade-
nomatous to cancerous states, which is apparently more important in clinical medicine
(24-26). Gastric cancer, as the fifth most common cancer and the third most common
cause of cancer death worldwide, is diagnosed historically after endoscopic biopsy and
staged using computed tomography, endoscopic ultrasound, and laparoscopy (27-29).
These methods always detect gastric cancer based on the tumor size and finally diag-
nose the cancer in a mature state that is already differentiated or is advancing to the
late stage. Then treatment can only alleviate suffering but not cure the disease. Thus,
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to improve the clinical outcome and provide targeted therapy,
it is highly desirable to invest in biosensors that can discrimi-
nate symptoms at different stages of common gastric cancer,
especially that of early cancer.

It is fundamental to strengthen the coupling between analy-
tes and electromagnetic (EM) waves for designing an ultrasen-
sitive optical sensor (4-6). Fortunately, such a demand could
be well met via subwavelength meta-atoms in metasurfaces, a
flourishing platform for engineering EM waves (30-33). By
adjusting the geometry and arrangement pattern of meta-
atoms, both the working frequency and the wavefront can be
flexibly engineered at will (34, 35). These advances have led to
a series of phenomena with an impact on numerous funda-
mental subjects, such as bioelectronics, imaging, and commu-
nications, among others (36-38). To date, much effort has
been channeled into releasing metasurfaces and photonic devi-
ces for biosensing applications with a high quality factor
(Q factor) EM response based on plasmon resonances in metals
and Mie resonances in dielectrics (2, 39-41). Despite these
achievements, most sensors usually work at a fixed frequency
or mode due to the lack of active components or materials,
thus hindering the flexibility and practicability of sensing func-
tions. In addition, the existing sensors usually detect the fre-
quency and amplitude change while neglecting the phase data,
which may impede the acquisition of unnoticeable biological
information. More importantly, ensuring the accurateness and
robustness of biosensing performance is the foundation of
developing practical sensors, which thus requires the elimina-
tion of measurement errors and improvement of signal-to-
noise ratio as perfectly as possible. However, the current
extraction of biological information for optical sensors is basi-
cally processed via a series of complicated and time-consuming
calibrations between samples and reference (4, 6, 9), which
inevitably introduce extra measurement errors and potentially
annihilate small intrinsic responses.

Here, we propose and experimentally demonstrate a
calibration-free sensor, by exploiting an optically controlled
THz ultrafast metasurface. Based on a homemade optical-
pump THz-probe (OPTP) spectroscopy system, an 800-nm
pump laser of 2,000 pJ/cm® was employed to realize an ultra-
wide resonant frequency shift from 1.385 to 0.825 THz, as
well as a large phase variation up to 50° at 1.11 THz. By nor-
malizing the two measured THz transmission spectra between
ultrashort time delays of 37 ps, the typical measurement errors
are completely eliminated to realize a high-precision platform
for detecting the cancerous evolution of gastric cells. Thus, on
the premise of ensuring the accurateness and robustness of bio-
sensing, our proposed calibration-free strategy will pave an
additional way to acquire subtle biological information and can
be extended to a series of medical applications.

Results

Inspired by the quantum destructive interference between exci-
tation states in atomic physics (42), electromagnetically induced
transparency (EIT) has been successfully mimicked in optics
via coupling between bright and dark modes (43-45). The
transparent and highly dispersive nature of EIT furnishes a fea-
sible solution to the long-standing issue of radiative loss in plas-
monic systems. As a result, an EM resonance is obtained with a
high Q factor, allowing us to enhance sensing capabilities as
well as improve the light—matter interaction strength (43-45).
The origin of the EIT mode can be qualitatively described by
the coupled Lorentzian oscillator model (44)
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where, (x5, xp), (wp, wp), and (yp, yp) represent the ampli-
tudes, frequencies, and damping rates of bright and dark
modes, respectively; g is the coupling strength of the bright
mode to the incident electric field Ep; and 4 is the coupling
coefficient between the bright and dark modes. It is found that
the EIT window with an extremely narrow transmission peak
could emerge when the bright and dark modes are brought in
close proximity in both the spatial and frequency domains.
Taking this general principle into consideration, the key issue
to equip the metasurfaces with EIT frequency-shifting function
is to guarantee a high matching degree between the two modes
under different external stimuli (46-52).

Fig. 14 demonstrates the schematic illustration of the pro-
posed THz metasurface sensor with a calibration-free property,
for monitoring gastric cancers (Fig. 1B). Each functional meta-
atom consists of two cut wires flanked by a pair of large split-
ring resonators (SRRs) and two pairs of small SRRs. A thin
layer of patterned epitaxial silicon with a thickness of 600 nm
(bandgap of 1.1 eV) is incorporated into the meta-atom as a
trigger button. When an external optical laser of 800 nm is
shined on the silicon, the free carriers can be pumped from the
valence band to the conduction band and an ultrafast shifting
of EIT frequency can be achieved. Specifically, without the
pump influence, the dipole bright mode of cut wire merely
interferes destructively with the inductive capacitive dark mode
in the small SRR pair, leading to an EIT response at higher fre-
quency. Once applying a laser pump, the enhanced conductiv-
ity of the silicon layer could fuse the two individual cut wires
and damp the dark mode of the small SRR pair. In this case,
the optically controlled molecularization of discrete dipole reso-
nators via the silicon bridge can be effectively coupled with the
large SRR pair and establish a new EIT resonance at lower
frequency. Note that the switching speed of the resonant
frequency is determined by the dynamics of photogenerated
carriers in silicon material.

The geometrical configuration of the optimized meta-atom
with detailed structure parameters is presented in Fig. 1C,
which is composed of three crucial components: bottom sap-
phire substrate (blue color), middle silicon pattern (red color),
and top metallic structure (gold color). To prepare the hybrid
metasurfaces, first, we adopted step photolithography and ion
beam etching to fabricate a metallic structure on a silicon on
sapphire (SOS) substrate. Then, the silicon layer along with the
metallic structure was patterned using alignment lithography
for mask formation, followed by deep silicon etching to remove
the redundant silicon and complete the second graphical trans-
fer. Each of the ultimately prepared metasurfaces has an overall
size of 1 X 1 cm?, ensuring cover of the THz probe spot
completely. An optical microscope image of a small portion of
the metasurfaces array is shown in Fig. 1D. The height distri-
bution of metasurfaces was characterized by atomic force
microscopy to verify the high accuracy of sample fabrication
(Fig. 1E), with Fig. 1 E, Inset results indicating 165 nm thick
metal and 580 nm thick silicon.

To methodically investigate the optical performance of the
designed metasurfaces, we first manifested the pump-fluence—
controlled active resonances based on a homemade OPTP spec-
troscopy system (Fig. 2). All measurements were carried out in
the nitrogen-filled environment to decrease the absorption of
THz waves by water vapor. Under low pump fluences, Fig. 24
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Normal Adenoma Cancer

Fig. 1. Design principle and characterization of calibration-free sensors for gastric cancer detection. (A) Artistic representation of the hybrid metal-silicon meta-
surfaces under THz probe and optical excitation implanted by femtosecond laser. The blue lightning inside the silicon bridge implies the excitation of photogen-
erated carriers. By controlling the pump stimulation, the fiery-red color in different SRR pairs represents the dynamical switching of EIT dark mode and
frequency. The THz probe impinges on the metasurfaces at normal incidence (kz) with polarization parallel to the cut wires (Ey). (B) Cartoon evolution process of
gastric cells from normal to adenomatous to cancerous states in clinical medicine. (C) Geometrical configuration of the proposed meta-atom within one unit cell
with the following structure parameters: P, = 56 pm, P, = 80 ym, L = 345 um, a =7 pm, w = 5.6 pm, d = 15.8 pm, b = 16 ym, and v = 26 pm. The gap width of
the silicon bridge in cut wires and small SRRs is 1 and 3 pm, respectively. (D) An optical microscope image of the fabricated metasurfaces. () An atomic force
microscopy image of part of a small SRR pair to characterize the height of the silicon bridge (580 nm) and metal structure (165 nm).

presents the original transmission amplitude of the metasurfaces  increases, whereas the other frequency band stays almost
ranging from 0.5 to 2.0 THz, after basic Fourier transformation. ~ unchanged. When the pump fluence is set at 50 pJ/cm?,
It is clearly observed that the EIT peak at 1.385 THz (denoted ~ the EIT; window is completely switched off, indicating 100%
as EITy) undergoes a strong modulation as the pump fluence modulation depth. Next, different from traditional calibration
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Fig. 2. Pump-fluence-controlled EIT response of the metasurfaces based on an OPTP system. (A and B) Experimentally (A) original and (B) normalized
THz transmission under low pump fluences from 0 to 25 p)/cm?. The black dashed line in A corresponds to the reference line in B. (C) Corresponding simu-
lated transmission of THz metasurfaces with lower conductivities of silicon from 0 to 3,000 S/m. (D and E) Experimentally (D) original and (E) normalized THz
transmission under high pump fluences from 0 to 2,000 pJ/cm?. (F) Corresponding simulated results of THz metasurfaces with higher conductivities of silicon
from 0 to 15,000 S/m.
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methods (46-52), the transmission amplitude and phase spectra
are obtained by redefining the normalized formula

[#(w)| = Er(w)/Ep(w)
p(w) = pp(w) — @p(w),

where [Egw), Efw)], [prw), ¢ w)] are the Fourier ampli-
tudes and phases passing through the metasurfaces under 0 and
varying pump fluences, respectively.

As THz waves propagate through the air, it would interact
with water vapor, resulting in the superimposition of water
vapor noise on the sample signal in both time and frequency
domains. In some cases where accurate measurements are
needed, the water vapor noise could lead to unavoidable mea-
surement errors, which probably annihilate weak but essential
information.

Supposing a sample with a thickness & and a total propagat-
ing distance AL + 4, the sample signal carrying the water vapor
noise is mathematically expressed as (53)

(2]

—2mvin,(v)d
E(U)sam+vap0r = E(y)ﬂim)gen fashaexp (]C())
AL —72AL
X exp { Z(D) }exp { / an(y) }, (3]

where t, and £, are the transmission coefficients from air to
sample surface and from sample to air surface, respectively; 7,(v)
is the effective refractive index of the sample; and a(v) and ()
represent absorption coefficient and refractive index of water
vapor, respectively. For the traditional calibration method (57
Appendix, Note 1), the typical measurement error is enhanced
significantly with air humidity and sample thickness:

V1) = op {0 (A, g

c

Impressively, this error can be eliminated through dividing
the ultrafast laser pumping signal by the original signal under
the no pumping condition, which leads to an accurate
calibration-free method. When the laser pump is applied, the
electric-field vector of the transmission signal is

—2avn(v) d)

c

o {ALZ@)}CXP {—jzALﬂm@)} -

c

E(V)/sam+vapor = E(U)nitrogen t/ﬂ-‘ t/-‘ﬂexp <

And the target sample signal is normalized as

E(U)sc = E(U)sam+vapor /E/(V)sam+vapor [6]
biti —2avn,(w) — 7, (v)|d
BW), =t ap (LRI

From Eq. 7, it is found that the water vapor noise has
completely disappeared using this method.

Based on Eq. 2, the black dashed line in Fig. 24 (in the
absence of optical excitation) corresponds to the reference line
in Fig. 2B (reference: #(w) =1). Interestingly, in contrast to
the annihilation of the EIT| window in the original data, it is
found that the EIT} peak in the normalized form becomes
enhanced as the pump fluence increases (Fig. 2B). To verify the
rationality of EIT| modulation theoretically, we performed
numerical simulation using CST Microwave Studio Software in
the time domain. In the simulation, the dielectric constants of
sapphire and silicon are 9.3 and 11.9, respectively. The direct
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current conductivity of gold is 4.56 X 10" S/m. The simulated
transmission spectra under various conductivities of silicon
from 0 to 3,000 S/m match well with the experimental results,
as shown in Fig. 2C. The underlying physical mechanism of
EIT| modulation can be unveiled by the field distributions at
1.385 THz (SI Appendix, Fig. S2).

As aforementioned, further enhancing the conductivity of sil-
icon would eliminate the physical isolation of the two cut wires
and build a new EIT window at lower frequency. Fig. 2D dem-
onstrates the original Fourier transmission amplitude under
high pump fluences, from which we can see that the frequency
of the EIT peak shifts from 1.385 to 0.825 THz with an
extremely large tuning range up to 40.4%. The origin of the
EIT frequency-shifting function is particularly clarified in S/
Appendix, Fig. S2. By employing the calibration-free method,
we obtain the normalized transmission spectra of the metasurfa-
ces (Fig. 2E). One can see that the inverted EIT window at
0.825 THz (denoted as EITy) is reinforced with increasing
pump fluences, while the initial EIT; window is generally
well preserved in outline. As the pump fluence increases up to
2,000 p]/cmz, the transmission spectrum exhibits an approxi-
mately diagonal-symmetry profile with a dual-EIT window
(dark blue line in Fig. 2F). Additionally, the numerical simula-
tion with high conductivities of silicon from 0 to 15,000 S/m
is presented in Fig. 2F, which displays a similar trend to the
experimental results.

In view of the ultrafast charge-carrier dynamics in silicon,
another intriguing phenomenon deserving to be explored is the
transient evolution process of THz transmission of the silicon-
based metasurfaces, upon femtosecond pump illumination. The
free-carrier relaxation dynamics for the 600-nm-thick silicon
layer are revealed by recording the transient modulation of the
THz pulse (—AE/E), together with the extracted fluence-
dependent photoconductivity shown in SI Appendix, Fig. S1.
The pump—probe time delay represents the relative time differ-
ence between the arrival of the optical pump and the THz
pulse at the sample, which can be controlled by translational
stages. The time delay of 0 ps is identified as the inception
point for carrier excitation.

Under a fixed pump fluence of 2,000 pJ/cm?®, the THz
transmission amplitude and phase at different frequencies are
plotted as a function of pump—probe time delay from —4.5 to
36 ps (Fig. 3 A and B). The upper and lower red dashed lines
denote the frequency of EIT peak and EITy; dip, respectively.
As visualized in Fig. 34, the transmission amplitude of the
THz metasurfaces remains around 1 before the pump pulse is
injected into the silicon bridge. Once the femtosecond laser
impinges on the sample after 0 ps, photogenerated carriers
immediately help to construct the preliminary outline of the
EIT; window located at 1.385 THz. With the accumulation of
more free carriers, the EITy; window at 0.825 THz begins to
emerge at 27 ps, and then the overall transmission amplitude
gradually tends to be stable. The 27 ps of the evolution process
from EIT; to EITy; can be attributed to the step-like behavior
of carrier excitation (SI Appendix, Fig. S3). Similar to the
amplitude modulation, the phase variation of the metasurfaces
also exhibits a transient evolution property at above two critical
time points (Fig. 3B). Originating from the ultrawide frequency
shifting (0.56 THz) of coupled-harmonic oscillations, it is
observed that the giant modulation of transmission phase
occurs in the frequency domain between the two EIT resonan-
ces and the maximal phase variation reaches as high as 50°.
We extract the amplitude and phase spectra from the corre-
sponding contour maps at several pump—probe time delays
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Fig. 3. Transient evolution process of the ultrafast EIT frequency-shifting metasurfaces. (A and B) Experimental transmission (A) amplitude and (B) phase
contour color maps for the metasurfaces against pump-probe time delay, under a fixed pump fluence of 2,000 w/cm? (C and D) Experimental
THz-normalized (C) amplitude and (D) phase spectra at various pump-probe time delays from 3 to 32 ps, extracted from the corresponding contour maps.
(E and F) Experimental THz-normalized (£) amplitude and (F) phase spectra at various pump-probe time delays from 32 to 162 ps. (G) Experimentally
extracted amplitude and phase results for the THz metasurfaces versus pump-probe time delay at 1.11 THz. (H) Experimentally extracted amplitude and
phase results for the THz metasurfaces against pump fluence at 1.11 THz. The fitting solid line indicates a single exponential function.

(Fig. 3 C and D), to explicitly demonstrate the switching-on
course of the dual-EIT spectrum. During the time span from
0 to 32 ps, the dual-EIT transmission profile is gradually con-
structed with an enhanced resonant strength (Fig. 3C). For the
phase spectra in Fig. 3D, the phase variation ranging from 0 to
more than 45° is realized by recognizing the differences
between lines of reference and 32 ps. Moreover, the transmis-
sion results residing in 1.1 to 1.12 THz (light red areas in
Fig. 3 Cand D) are highlighted in S/ Appendix, Fig. S5. For
the switching-off course, the amplitude and phase spectra of
metasurfaces in the case of several pump—probe time delays are
recorded in Fig. 3 F and F. It is seen that the annihilation of
the EITy; window is significant, while the EITy changes slightly

PNAS 2022 Vol. 119 No.43 2209218119

as the time delay increases (Fig. 3E), which is limited by the
maximum moving distance of translational stages. In sync with
the amplitude modulation, the phase spectrum is also not fully
recovered to the reference line untl 162 ps (Fig. 3F), which
can be attributed to the relaxation features of the epitaxial sili-
con film (43, 45). The amplitude and phase spectra can restore
to their initial states within a timescale of nanoseconds.

By quantitively analyzing the transmission results at 1.11 THz
(Fig. 3G), the middle frequency of two EIT resonances, it is worth
emphasizing that the phase variation of the metasurfaces also
exhibits a time-resolved property related to the ultrafast dynamics
of silicon-free carriers (SI Appendix, Fig. S1A), while the amplitude
merely fluctuates in the 13.9% range. Furthermore, upon varying
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pump fluences from 0 to 2,400 p]/cmz, we summarize the tuning
trend of transmission amplitude and phase at 1.11 THz, from
which one can observe that the modulation in amplitude is
suppressed below 11.8% (black line in Fig. 3H). The phase at
1.11 THz exponentially increases with pump fluence (red line in
Fig. 3H), which is associated with the optically induced conduc-
tivity variation of silicon (SI Appendix, Fig. S1B). Consequently,
benefitting from the well-performed regularity and sensitivity, the
transmission phase naturally provides us with another sensing
aspect, in addition to the conventional frequency and amplitude.
Moreover, by combining with the advantages of large phase varia-
tion and high amplitude stability, our proposed metasurface
could also act as an outstanding candidate for a series of active
optical encoding applications (34), such as meta-antennas, meta-
holograms, metalenses, etc.

To explore the biosensing behaviors, it is necessary to evalu-
ate the accurateness and robustness of calibration-free methods
first, which is essential to guarantee the reliability of experimen-
tal data. By altering THz generation power, we measured four
pairs of transmission results in both time and frequency
domains under a fixed pump fluence of 2,000 wJ/cm® (S/
Appendix, Fig. S6) and obtained the corresponding normalized
amplitude spectra shown in Fig. 44. The visualized amplitude,
phase, and resonant frequencies of the four spectra are almost

identical to each other, with the concrete error analysis shown
in Table 1. The comparison of measurement errors between
calibration-free and substrate calibration methods can be seen
in ST Appendix, Note 7.

Next, the practical performances for THz biosensing were car-
ried out by culturing the human normal gastric epithelial cells
(NGECs), gastric adenoma cells (GACs), and gastric cancer cells
(GCCs) onto the surface of the metasurfaces. The types of
NGECs, GACs, and GCCs are GES-1, intestinal-type adenoma
(MUC2+, CD10+), and MGC-803, respectively. The time-
dependent growth curves of the three types of gastric cells planted
in the culture medium are demonstrated in SI Appendix, Fig. S9.
Note that the cell density tends to be saturated after a rapid expo-
nential growth. Upon a fixed pump fluence of 2,000 uJ/em?, we
obtained several pairs of THz transmission results at
pump—probe time delays of —5 and 32 ps, respectively. The nor-
malized transmission amplitude and phase spectra of the metasur-
face sensors covered by GCCs with varying cell densities from 0
to 3 X 10° cells/cm? are displayed in Fig. 4 Band C. As the cell
density increases, both the two EIT resonant frequencies show
redshift (dashed lines in Fig. 4B), along with a phase increment
occurring around 1.1 THz (blue area in Fig. 4C). Assume that
the GCCs are covered on the metasurfaces as a homogeneous
dielectric layer with fixed thickness, where the nucleus mainly
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Table 1. Error analysis based on calibration-free method

EIT amplitude, a.u.

EIT, frequency, THz

EIT, frequency, THz

Phase at 1.11 THz, °

Average value
SD

1.332
0.009

1.385
0.0007

0.825
0.002

47.33
0.3347
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determines the dielectric constant €., while the conductivity
oy mainly depends on the water content inside the cell fluid,
according to the basic configuration of gastric cells. Thus, both
the two factors €.y and 6, are positively correlated with the cell
density. We also calculate the phase spectra with different ..
and o,y to illustrate how the optical property of the dielectric
layer influences the phase variation (S7 Appendix, Fig. S11). To
obtain a deeper insight into the sensing effect, we extract relative
amplitudes and resonant frequencies of EITy and EITy against
cell density of GCCs (Fig. 4 D and E), respectively. It is noted
that both the amplitudes and frequencies of EIT| and EITy
decrease with the increase of cell density, which is because both
€l and o,y of the dielectric layer increase with the total of
nucleus and cell fluid, respectively. Considering that the phase
variation (blue area in Fig. 4C) is almost linearly related with the
cell density of GCCs, we also extract the transmission phase at
1.11 THz (phase; ;;1H,) under different cell densities from 0 to
3 x 10° cells/cm® (Fig. 4F). It is observed that the phase; j11H,
exhibits an ~3.0978°/10 cells-cm ™ linear relationship with cell
density, indicating that our metasurface can be employed as a
promising platform for sensitive detections.

For monitoring the cancerous process of gastric cells, we
obtain the absolute change of EIT; frequency (AR, EIT;
amplitude (AA), and phase; 111H, (AP) with cell densities from
0 to 3 x 10’ cells/em® of GCCs, GACs, and NGECs, respec-
tively (Fig. 5 A-C). All three key sensing factors exhibit an
increasing trend with larger cell density. In terms of AF and
AA, the slope corresponding to NEGCs is larger than that of
GAG:s and that of GCCs, for the reason that the net sizes of
nucleus and cell fluid become smaller with the cells changing
from normal to adenomatous to cancerous states. Thus, both
the €. and o,y of the dielectric layer become smaller in this

cancerous process, leading to the reductions of AF and AA.
Fig. 5C shows the AP versus different cell densities of GCCs,
GAGs, and NGECs, where the slope corresponding to NEGCs
is smaller than that of GACs and that of GCCs, corresponding
to 1.4947°, 2.316°, and 3.0978°/10° cells-cm™?, respectively.
The slope order of AP displays the opposite trend to AF and
AA for the three types of gastric cells. This is because the ratio
of nucleus to cell fluid gradually increases within the evolution
of gastric cancers. Specifically, the phase variation increases
with larger e for nucleus, while it exhibits a downward trend
with larger 6, for cell fluid. Although the nucleus and cell
fluid of gastric cells together reduce within the cancerous pro-
cess of gastric cells, while the relative ratio of nucleus to cell
fluid increases, thus resulting in a faster change of AP for
GCCs. Besides, considering the adopted optical excitation as a
femtosecond pump, the influence of the 2-mJ/cm? laser on gas-
tric cells is discussed in ST Appendix, Note 11.

We also conducted cell-staining experiments to confirm these
findings (Fig. 5 D—F). The cell dye in our experiments is hema-
toxylin. The light gray and dark areas represent cell and nucleus
outlines (black and red dashed lines in Fig. 5D), respectively. It
is observed that within the cancerous process of gastric cells,
the absolute net sizes of cell and nucleus decrease gradually
while the ratio of nucleus to cell fluid shows an increasing
trend, which is consistent with the THz-biosensing results.

Conclusion

To eliminate the typical measurement errors caused by the tradi-
tional calibration method, we demonstrate a class of calibration-
free sensors to leverage a high-precision and robust platform for
biosensing detections, based on optically controlled THz ultrafast
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Fig. 5. Monitoring the cancerous evolution of gastric cells. (A-C) Extracted absolute change of (A) EIT, frequency, (B) EIT, amplitude, and (C) phaseq 111
against cell densities of three gastric cells. (D-F) Cell staining results for (D) NGECs, (E) GACs, and (F) GCCs. The black and red dashed lines (D) illustrate cell
and nucleus outlines, respectively.
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metasurfaces. An optical pump of 800 nm enables the excitation
of silicon carriers to shift resonant frequency from 1.385 to
0.825 THz, accompanied by a large phase variation up to 50° at
1.11 THz. By normalizing the transmission results with two
hugely different THz spectra between ultrashort time delays of
37 ps, the environment noise along the THz propagation path is
completely removed to guarantee the reliability of biosensing
results. The calibration-free transmission spectra have successfully
discriminated the categories of gastric cells, which is consistent
with the cell-staining experiments. Thus, we anticipate that our
calibration-free biosensing method will inspire many more medi-
cal applications and open up previously unnoticed horizons for
biosensing applications in THz and infrared domains.

Materials and Methods

sample Preparation. The fabrication of THz metasurfaces functioning with
ultrafast EIT frequency-shifting ability was processed based on lithography and
etching technologies. First, we selected a 4-inch SOS wafer consisting of a
460-pum-thick sapphire and 600-nm-thick epitaxial silicon layer as the substrate.
According to the manufacturer, the front surface of the SOS wafer was Epi-
polished with Ra < 0.3 nm and the back surface was optically polished. The
intrinsic resistivity of the single crystalline (001) silicon layer was >100 Q/cm.
Second, step lithography and ion beam etching were adopted to achieve the first
graphical transfer on the metal thin film, followed by depositing 10-nm-thick
titanium and 160-nm-thick gold using Radio-frequency (RF) magnetron sputter-
ing. After the cleaning process in acetone and isopropyl alcohol, the silicon pat-
tern along with the metallic structure was defined again by positive photoresist
based on alignment lithography. Then, the deep silicon etching technology was
carried out to remove the redundant silicon and complete the second graphical
transfer. The etching accuracy along the lateral and longitudinal directions is
+0.3 pm and +3.3%, respectively. Finally, by means of slicing technology, the
4-inch sample was divided into several 1 x 1-cm? individual metasurfaces, con-
taining 22,321 functional meta-atoms.

Cell Culture. The human gastric mucosal epithelial cells, gastric adenoma cells,
and cancer cells acquired from the Institute of General Surgery of the Chinese
People's Liberation Army General Hospital were first cultured in a 37 °C humidi-
fied incubator with 5% CO,. Three kinds of gastric cells were all deidentified
prior to use in our study. Then, three cells were planted on the 1 x 1-cm” THz
metasurfaces (the initial concentration was fixed at 4 x 10* cells/cm?) and cul-
tured in complete medium containing RPMI-1640 medium (Thermo), 10% fetal
bovine serum (FBS), 1% Glutamax (Gibco), and 0.2% plasmocin prophylactic
(InvivoGen). After that, the number of cells was counted by Cell Count (Thermo;
Countesslll) at specific time points to obtain the characteristics of the prolifera-
tion of cells on the THz metasurfaces. According to the growth curves of the three

1. R.Lietal, Abody map of somatic mutagenesis in morphologically normal human tissues. Nature
597, 398-403 (2021).

2. H.Altug, S. H. Oh, S. A. Maier, J. Homola, Advances and applications of nanophotonic biosensors.
Nat. Nanotechnol. 17, 5-16 (2022).

3. S.K. Elledge et al., Engineering luminescent biosensors for point-of-care SARS-CoV-2 antibody
detection. Nat. Biotechnol. 39, 928-935 (2021).

4. A John-Herpin, D. Kavungal, L. von Miicke, H. Altug, Infrared metasurface augmented by deep
learning for monitoring dynamics between all major classes of biomolecules. Adv. Mater. 33,
€2006054 (2021).

5. A Hassibi et al., Multiplexed identification, quantification and genotyping of infectious agents
using a semiconductor biochip. Nat. Biotechnol. 36, 738-745(2018).

6. A.Tittl et al., Imaging-based molecular barcoding with pixelated dielectric metasurfaces. Science
360, 1105-1109(2018).

7. A Quijano-Rubio et al., De novo design of modular and tunable protein biosensors. Nature 591,
482-487 (2021).

8. F.J.SanchezRivera et al., Base editing sensor libraries for high-throughput engineering and functional
analysis of cancer-associated single nucleotide variants. Nat. Biotechnol. 40, 862-873 (2022).

9. F.Yesilkoy et al., Ultrasensitive hyperspectral imaging and biodetection enabled by dielectric
metasurfaces. Nat. Photonics 13, 390 (2019).

10. M. D. Baaske, M. R. Foreman, F. Vollmer, Single-molecule nucleic acid interactions monitored on a
label-free microcavity biosensorplatform. Nat. Nanotechnol. 9, 933-939 (2014).

11, J.Kim, A. S. Campbell, B. E. de Avila, J. Wang, Wearable biosensors for healthcare monitoring.
Nat. Biotechnol. 37, 389-406 (2019).

12. M.U.Ahmed, I. Saaem, P. C. Wu, A. S. Brown, Personalized diagnostics and biosensors: A review
of the biology and technology needed for personalized medicine. Crit. Rev. Biotechnol. 34,
180-196 (2014).

https://doi.org/10.1073/pnas.2209218119

cells (SI Appendix, Fig. S9), specific cell densities of 1 x 10°, 2 x 10°, and
3 x 10° cells/em? were selected to test the biosensing performance of the
calibration-free metasurfaces (S/ Appendix, Fig. S$10).

THz Transmission Measurement. In the homemade OPTP system (S
Appendix, Fig. S14), the laser source was a Ti: sapphire laser amplifier with
800 nm central wavelength, 100 fs pulse duration and 1 kHz repetition rate.
Each output laser pulse with 5 mJ energy was divided into three beams, for THz
generation, detection, and sample excitation, respectively. First, the THz emission
was generated from the two-color laser-induced gas plasma, by utilizing a
100-pum-thick B-barium borate crystal and a plano-convex lens of 30 cm focal
length. Second, the transmitted THz wave was detected through the technique
of electro-optic sampling (EOS) with a 2-mm-thick ZnTe crystal. Third, the excita-
tion laser beam (optical pump) and the THz wave (THz probe) acted together on
the sample surface. To ensure uniform photoexcitation, the spot size of the opti-
cal pump beam (~8 mm diameter) was larger than the THz probe beam spot
(~4 mm diameter). The pump-probe time delay was controlled by moving the
translational stage to change the optical path of the pump beam. Finally, the
modulated THz waveform was recorded by the EOS technique, and the corre-
sponding THz transmission result was obtained by a standard Fourier transform.
To eliminate the influences of surface analytes on photogenerated carriers, the
THz probe and optical pump are together incident from the backside of the sam-
ple during the measurement.

Data, Materials, and Software Availability. All Study data are included in
the article and/or S/ Appendix.
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