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ABSTRACT: Metamaterial-inspired terahertz (THz) biosensors are
devoted to developing high-sensitivity and label-free biosensing strategies.
However, most meaningful molecular signals are obscured by the strong
THz absorption of solvent water. Most reported THz biosensors require
the tested samples to be tediously dried or replaced with a low-absorption
medium, which impairs the original bioactivity and the distribution
homogeneity of targets. As described in this proposed strategy, a molecule-
specific THz biosensor was fabricated from an aptamer hydrogel-
functionalized THz metamaterial. Benefitting from the strong interaction
with the localized electric field of the metamaterial, trace thrombin-induced variations in the hydration state of the hydrogel can be
sensitively probed, which was investigated experimentally and theoretically. The optimized THz biosensor exhibited remarkable
specificity for actual serum sample assays and excellent sensitivity, with a relatively low detection limit of 0.40 pM in the human
serum matrix. The proposed strategy could serve as a model system to develop various molecule-specific THz biosensors for aqueous
molecule sensing.
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Terahertz (THz) spectroscopy, a promising analytical
method, can probe the coherent collective vibration

modes of molecules in a label-free and nonionizing manner,
carrying information on their structure and activity features.1

Thus, this approach has been extensively utilized to identify
solid molecules by their characteristic peaks and reveal the
hydration dynamics of aqueous molecules from conformation-
related hydrogen-bonding network changes,2,3 demonstrating
many unique advantages over other spectroscopic techniques.
Although the quantitative measurement of pure aqueous
molecules by THz spectroscopy has been reported in some
strategies,4,5 its sensing performance, including specificity and
sensitivity, cannot fully meet the real-world requirements,
especially for clinical analysis where the sample matrix often
contains thousands of molecules. This shortcoming is because
in aqueous environments, solvent water generates strong THz
absorption (∼240 cm−1 at 1 THz) and severely obscures the
response of solute molecules, leading to similar absorption
features (mostly from solvent water) for different trace
aqueous molecules.6 To weaken the interference of solvent
water, most proposed THz biosensors require that the tested
samples be tediously dried or that the solvent water be
replaced with a low-absorption medium.2,7,8

Nevertheless, THz spectroscopy could obtain a limited
absorption signal of tiny dried molecules due to the mismatch
between the wavelengths of THz waves and the dimensions of

molecules.9 THz metamaterials, comprising subwavelength
periodic artificial structures with obvious resonance peaks in
the THz band, could greatly enhance the interactions between
incident THz waves and adherent target molecules through an
excited localized electric field.6 Such metamaterials have been
demonstrated to be a highly sensitive biosensing platform
whose resonance frequency and peak intensity display
profound alterations in a concentration-dependent manner,
even for trace target molecules.10 Hence, THz metamaterials
have been employed for widespread practical implementation
in sensing proteins,9 nucleic acids,11 cells12 and other
molecules13 with high performance, and bioimaging.14 In
addition, molecule-specific THz metamaterials can be realized
by decorating antibodies or aptamers on their interfaces or by
using functionalized nanoparticles with a high refractive
index.15 However, drying processes are still indispensable in
most THz metamaterial-based biosensors; these processes are
harmful to the original biomolecular activity and affect the
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homogeneity of the sample distribution (called the “coffee-ring
effect”).2,16 Therefore, THz sensing strategies that work in
aqueous environments are urgently needed for the direct,
homogeneous, and in situ analysis of trace targets in the
physiological state. To date, the strong absorption of water in
the THz range has posed a considerable challenge to effectively
unravel the mystery of aqueous molecules.17,18

Inspired by the very high THz absorption of water, our
group has devoted great attention to aptamer hydrogels.
Aptamer hydrogels are three-dimensional hydrophilic and
insoluble polymeric networks grafted by aptamers that are
extensively hydrated and sensitive to external stimuli; these
networks have attained considerable interest in material-to-
biology communication.19 Owing to their high affinity for
target molecules, aptamers endow hydrogels with the ability of
highly specific molecular recognition.20 Notably, the recog-
nition process of target molecules considerably alters the
crosslinking density of aptamer hydrogels, thus leading to
profound variations in the volume and hydration state.21

Furthermore, this binding reaction can enrich target molecules
in the hydrogel matrix, bringing significant signal amplifica-
tion.19 Taken together, with water as a unique enhancer for
THz measurements, aptamer hydrogel-functionalized THz
metamaterials may sensitively reveal trace target-induced
variations in the hydration state of hydrogels, which is
promising for developing a molecule-specific THz biosensor
applicable to aqueous environments.
Herein, for trace analysis of human α-thrombin (h-TB) in

highly absorptive aqueous environments, a THz biosensor was
constructed by in situ polymerization of an aptamer-grafted
hydrogel film on a silanized metamaterial and was monitored
in the self-referenced reflection measurement mode. The
feasibility of the proposed THz biosensor was successfully
verified by simulations and experiments. The performance of
the optimized THz biosensor exhibited excellent sensitivity

and satisfactory specificity for h-TB solution detection.
Furthermore, the applicability of the THz biosensor was
investigated by detecting h-TB in serum, showing great
potential in clinical applications.

■ EXPERIMENTAL SECTION
Preparation of Functionalized THz Metamaterials. The THz

metamaterial was fabricated by a standard photolithography
technique. Metal evaporation of Cr/Au (20 nm/200 nm) was
performed on a 500 μm thick high-resistivity silicon wafer (>10,000
Ω·cm). As shown in Figure 1a, the period (p), gap size (g), and width
(w) of the unit cell are 70, 4, and 2 μm, respectively. The
polydimethylsiloxane films with different thicknesses were bonded to
the edge of the metamaterial to prepare the hydrogel with the
corresponding swelling thickness. The bare metamaterial was cleaned
sequentially with absolute ethanol and ultrapure water and dried with
high-purity N2. To enhance the adhesion of the hydrogel to the
metamaterial, the cleaned metamaterial was activated by oxygen
plasma for 5 min at 30 W with a pressure of 150 mTorr (Sindin,
SPV10, China) and subsequently pretreated in (3-aminopropyl)-
triethoxysilane (APTES)/absolute ethanol (1:9, v/v) solution for 24 h
at 40 °C. Finally, the silanized metamaterial was rinsed with absolute
ethanol and dried under high-purity N2.

Immobilization of Aptamer Hydrogels. To prepare the
aptamer hydrogel, a stock solution mixture of 100 μM aptamer
(S1) and 100 μM complementary sequence (S2) was incubated at 65
°C for 5 min and then cooled to room temperature. The precursor
solution was composed of a mixture of 15 μM S1, 15 μM S2, 10%
(m/v) acrylamide (Am), 0.1% (m/v) N,N-methylene-bisacrylamide
(MBAA), and 0.5% (m/v) ammonium persulfate. After degassing in a
vacuum desiccator for 5 min, the precursor solution was dropped
uniformly over the silanized THz metamaterial. 0.5% (v/v)
N,N,N′,N′-tetramethylethylenediamine was quickly added and
blended into the precursor solution. Then, a glass slide processed
with Repel-Silane was immediately pressed on the surface of the THz
metamaterial and kept there for approximately 30 min to complete
the polymerization. The electrophoresis results verified the polymer-
ization reaction, as shown in Figure S1. Finally, the glass slide was

Figure 1. (a) SEM image of the bare THz metamaterial. (b) Schematic representation of h-TB sensing by the THz biosensor. (c) Physical image of
the THz biosensor. (d) Experimental procedure of the proposed strategy.
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carefully peeled off, and the aptamer hydrogel-functionalized THz
metamaterial was obtained. For the immobilization of the aptamer, a
silanized metamaterial was immersed in the 5 μM aptamer solution
for 2 h at 45 °C and then was rinsed with phosphate-buffered saline
(PBS) to prepare the aptamer-functionalized THz metamaterial.
Preparation of Samples for THz Measurements. To optimize

the appropriate THz measurement mode, the transmission and
reflection spectra of the THz biosensor were compared (Figure S2);
the results revealed that the resonance peak of the THz biosensor in
the transmission measurement disappeared due to the severe
attenuation of the solution.17 Therefore, the THz biosensor was
measured by a commercial THz-TDS system in the reflection mode
(TAS7500SP, Advantest, Japan). Notably, a self-referenced method
was introduced to simplify the operation and obtain stable data.22

Pulse I (∼15−22 ps) of the measured THz time-domain waveforms,
which originated from the air−metamaterial interface, was taken as
the reference signal, and pulse II (∼29−36 ps), which was reflected
from the metamaterial−hydrogel interface, served as the sample signal
(Figure S3). After performing a fast Fourier transform, the self-
referenced reflection signal of the THz biosensor was extracted by
dividing the frequency amplitude of the sample signal by that of the
reference signal.
Before THz measurements, swelling equilibrium of the hydrogel

was achieved in PBS. The remaining solution on the metamaterial
undersurface was completely removed, while sufficient solution was
retained on the hydrogel surface (named the “upper solution”). The
self-referenced reflection signal of the THz biosensor was recorded by
THz spectroscopy. Then, the THz biosensor was incubated in the
tested solution for 3 h while shaking at 200 rpm. Subsequently, the
signal variation (ΔR) of the self-referenced resonant peak intensity of
the THz biosensor was calculated by the equation ΔR = (Rc − Rs)/
(Rc − R0), where Rc, Rs, and R0 refer to the measured resonant peak
intensities of the THz biosensor before and after incubation in the
tested solution and the bare THz metamaterial with individual PBS
drops, respectively.

■ RESULTS AND DISCUSSION

Principle of the Molecule-Specific THz Biosensor. As
shown in Figure 1, the THz biosensor consists of two main
components: an h-TB-responsive aptamer hydrogel and an
APTES-pretreated THz metamaterial. The aptamer (S1) and
its complementary sequence (S2) are grafted onto the MBAA
cross-linked linear polyacrylamide polymer to prepare an
aptamer hydrogel containing a hydrophilic and insoluble
porous network structure (Figure 1b).23 Then, the aptamer
hydrogel is tightly immobilized on the silanized THz
metamaterial with a homogeneous structure to fabricate the
proposed THz biosensor (Figure 1c). The self-referenced
reflection measurement mode is exploited to read out the
signal of the THz biosensor, as described in Figure 1d. In
contrast to two-scan traditional transmission measurements,
which require microfluidic channels to limit the thickness of
the solution layer to <100 μm,24 the proposed measurement
mode achieves real-time and high-throughput extraction of
hydrogel dielectric properties in one scan regardless of liquid
thickness and the influence of laser turbulence.22

For the sensitive detection of h-TB, the metamaterial was
introduced and strongly coupled with incident THz waves to
excite THz spoof surface plasmons. The resonance behavior,
equivalent to an LC resonance, provides a considerably
enhanced electric field around the gap of the metal structure
(Figure S4), increasing the sensitivity of analyte detection. The
resonant frequency and intensity of the resonance peak are
strongly associated with the refractive index and extinction
coefficient of the equivalent dielectric environment of the
resonator−analyte interface, respectively.15 The THz absorp-

tion features of analytes (i.e., biomolecules, cells, and tissues)
are lower than those of water molecules coming from the
intermolecular vibrations of the hydrogen-bond network,
allowing direct and sensitive determination of their hydra-
tion-state changes. Upon the introduction of h-TB, it
preferentially binds with the grafted aptamer, leading to the
breaking of the crosslinking points of S1−S2 and the further
swelling of the hydrogel due to the decrease in the degree of
effective crosslinking (molar ratio of S1−S2 to MBAA), thus
altering the hydration state of the hydrogel.25 This hydration-
state shift affects the THz absorption features of the hydrogel
(mainly reflected in the extinction coefficient), modifies the
localized electric field, and alters the intensity of the measured
resonance peak of the THz biosensor;26 this process was
investigated by FDTD numerical simulations (details in the
Simulations section of the Supporting Information), and the
results are described as follows.

Simulated Results of the THz Biosensor. The key to the
proposed strategy is the preparation of a hydrogel with an
appropriate thickness to effectively eliminate interference from
the upper solution and determine the potential sensing
performance of the THz biosensor. The extinction coefficient
of the aptamer hydrogel, measured by THz-attenuated total
reflection spectroscopy, was lower than that for PBS and
showed an increase after incubation (Figure 2a). As shown in
Figure 2b,c, the simulated resonance peak intensity of the THz
biosensors increased as the thickness of the hydrogel increased
from 0 to 10 μm and gradually became saturated as the
thickness increased further and reached a maximum at 50 μm.
In other words, the interference of the upper solution could be
ignored with changes in the thickness of the hydrogel in an

Figure 2. (a) Measured extinction coefficients of the PBS solution
(black dotted line) and that of the swollen hydrogel before (black
solid line) and after (red solid line) the induction of h-TB (100 pM).
(b) Simulated self-referenced reflection spectra of the THz biosensor
with swollen hydrogel thicknesses ranging from 0 to 70 μm. (c)
Simulated resonance peak intensity of THz biosensors with swollen
hydrogel thicknesses ranging from 0 to 70 μm. (d) Simulated self-
referenced reflection spectra of the THz biosensor before (black solid
line) and after (red solid line) the induction of h-TB (100 pM) and of
the bare THz metamaterial with only PBS drops (black dotted line).
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appropriate range, which provides a basis for the optimization
of the sensing system. We investigated the response to the
extinction coefficient variation of the hydrogel, and the
simulated resonance peak intensity was significantly reduced
(∼23.26%) after 100 pM h-TB was applied (Figure 2d),
numerically validating the sensing mechanism of the proposed
strategy described above. Therefore, the proposed THz
biosensor is theoretically reasonable and feasible, which
requires further experimental verification.
Feasibility of the Proposed Strategy. As expected, the

resonance peak intensity of the functionalized THz biosensor
was significantly higher than that of the bare metamaterial with
only PBS added (Figure 3a). We compared the self-referenced

reflection spectra of the THz biosensor after incubation in PBS
with/without h-TB (100 pM), and the resonance peak
intensity was markedly decreased after the application of h-
TB, while no obvious changes were observed after exposure to
PBS (Figure 3b). The calculated signal variations of the THz
biosensor after exposure to h-TB and PBS were 22.19 and
1.32%, respectively, agreeing well with the simulation result
(∼23.26%). This finding strongly suggests that the aptamer
hydrogel located in the effective sensing area may undergo a
significant increase in the hydration state. In contrast, no
significant differences were observed in the self-referenced
reflection spectra of aqueous h-TB and interferents [including
human hemoglobin (Hb), bovine thrombin (b-TB), and
bovine serum albumin (BSA)] dropped on the bare
metamaterial (Figure S5). These results further prove that
the aptamer hydrogel, as an excellent sensing medium, clearly
promotes the sensitive detection of h-TB in aqueous
environments, which has rarely been achieved by individual
metamaterials.
To explore the origin of the signal variation, the crosslinked

network of the freeze-dried hydrogel was further characterized
by scanning electron microscopy (SEM) (Figure 3c,d). The

average pore size of the porous network structure inside the
hydrogel increased significantly after the incubation in h-TB,
confirming that the hydrogel indeed experienced a significant
increase in the hydration state caused by the decreased
crosslinking density after specifically capturing h-TB. In
particular, the dissociation of crosslinking points S1−S2 caused
by the binding reaction between S1 and h-TB may also induce
an increasing dynamical hydration shell and the corresponding
augmentation of the absorbance of the hydrogel.3 Given that
the degree of effective crosslinking of the hydrogel was
calculated to be ∼0.23%, the signal variation in the THz
biosensor was not attributed simply to the decreasing
crosslinking density. We anticipated that this variation may
come from other considerations, including entropy theory,
entanglement-excluded volume, or some weak interaction force
change inside the hydrogel network, whose vibrational
resonances were located in the THz range. These results
further proved that THz spectroscopy is especially suitable for
hydrogel-based sensing strategies from a new perspective,
unlike other optical biosensors based on target-induced
changes in the volume or refractive index of the hydrogel.19,27

Optimization of the Proposed Strategy. We further
optimized several critical experimental parameters for high-
performance sensing. Consistent with the above simulation
results, Figure 4a shows that the signal variation of the THz

biosensor gradually increases with decreasing hydrogel thick-
ness, and the greatest signal variation is produced at 50 μm.
According to the literature,28 the crosslinking density and
thickness of the hydrogel are critical for the sensitivity and
response time. As shown in Figure 4b, the signal variation of
THz biosensors with different crosslinking densities of the
hydrogel, prepared by adjusting the MBAA content in the
precursor solution, reaches the maximum at the ratio Am/

Figure 3. (a) THz spectra of the THz biosensor before (black solid
line) and after (red solid line) the induction in h-TB (100 pM) and of
the bare THz metamaterial with only PBS drops (black dotted line).
(b) THz spectra of the THz biosensor incubating in PBS at 0 h (black
solid line) and 3 h (red solid line) and of the bare THz metamaterial
with only PBS drops (black dotted line). SEM images of the cross-
sectional structure of the freeze-dried hydrogel after incubation in h-
TB (100 pM) (c) and in PBS (3 h) (d).

Figure 4. Optimization of critical experimental parameters. The
concentration of h-TB is 100 pM. (a) Thickness of the hydrogel. (b)
Crosslinking density (ratio of Am/MBAA) of the hydrogel. (c)
Concentration of the aptamer in the precursor solution (aptamer/
complementary sequence = 1:1). (d) Reaction kinetics of the THz
biosensor in the h-TB solution. Error bars indicate standard
deviations (n = 3).
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MBAA = 200:2. As the crosslinking density continues to
increase, the signal variation decreases rapidly. As is known, the
dimensional selectivity of the polyacrylamide hydrogel was
determined by different ratios of Am/MBAA so that different
sizes of molecular sieves were formed. Therefore, the
excessively high crosslinking density restricts the binding
reaction of h-TB and aptamer and the swelling behavior of the
hydrogel. Additionally, the concentration of the aptamer is
important because it acts as the recognition element to
specifically capture h-TB and thus effectively alters the
crosslinking density. Figure 4c indicates that the most
significant signal variation is observed in the THz biosensor
with an aptamer concentration of 15 μM. Subsequently,
according to the above optimized parameters, the reaction
kinetics of the prepared THz biosensor were investigated
(Figure 4d). The signal variation rapidly increases and nearly
reaches a plateau after 60 min, which shows a significantly
faster response speed benefiting from the thin hydrogel with an
appropriate crosslinking density. As a model system, the
proposed strategy could be tailored to respond to small
molecules such as metal ions,29 glucose,30 and adenosine31

within minutes by grafting other target-specific recognition
moieties and has considerable potential for point-of-care test
applications.
Performance of the Proposed Strategy. The sensing

performance of the optimized THz biosensor was investigated
for h-TB detection. As shown in Figure 5a, the signal variation
of the THz biosensor increased gradually with increasing
concentrations of h-TB and revealed linearity with the
logarithm of h-TB concentration from 0.5 to 500 pM (R2 =

0.9842). The limit of detection (LOD) is determined as 0.21
pM here (Inset), which achieves the self-referenced reflection
signal variation that is higher than the blank signal plus 3 times
its standard deviation. As a comparison, the aptamer-
functionalized THz metamaterial was prepared without any
hydrogel networks, similar to previous research,24 but it can
hardly discriminate PBS from aqueous h-TB (Figure 5b),
which emphasizes the necessity of an aptamer hydrogel-
functionalized strategy. In terms of sensitivity, the proposed
THz biosensor also outperforms most label-free sensing
strategies and is even comparable to labeled detection methods
(Table S1). The excellent performance of the THz biosensor is
primarily attributed to the enhanced THz-substance inter-
action of metamaterials, the strong THz absorption of water
(serving as a super enhancer), the unique enrichment effect of
hydrogels, and the strong affinity of aptamers for h-TB
(dissociation constant kd = 0.5 nM).32 There are significant
advantages in this strategy: (1) simplicity: only in situ
polymerization of the precursor solution is required, without
further binding and blocking operations; (2) stability: the
hydrogel network can protect the grafted aptamers; and (3)
high sensitivity: a target-induced change in the hydration state
of the hydrogel could cause a profound relative dielectric
constant change near the THz metamaterial rather than an
individual aptamer−target binding reaction.
The specificity of the proposed THz biosensor was

investigated by comparing the signal variation of 100 pM h-
TB, b-TB, Hb, and BSA, as shown in Figure 5c. The degree of
interference (DI) was less than 5% (2.22% for b-TB, 0.34% for
Hb, and 4.42% for BSA), calculated by the formula DI = (ΔRI
− ΔR0)/(ΔRT − ΔR0) × 100%, where ΔRI, ΔR0, and ΔRT
represent the signal variation of the THz biosensor after
incubation in the interference substance, PBS, and h-TB,
respectively. As seen, these interferents induced only a slight
signal variation (P > 0.05), consistent with previous results
using aptamer hydrogel-functionalized diffraction gratings.25

This is because the grafted aptamer could selectively recognize
the target and prevent the interferent solution from effectively
sensing the area occupied by the aptamer hydrogel. Without
the need for any further tedious isolation and purification
processes, the proposed method could achieve selective in situ
analysis in aqueous environments.

Practical Sample Assay. Evaluating the sensing perform-
ance of the proposed strategy in complex matrices is
indispensable for future clinical applications. Since commer-
cially available human serum contains negligible h-TB and
coagulation factors, the additional h-TB does not introduce
errors in the experimental determination.33 The quantitative
assays of h-TB and b-TB in commercially available human
serum were performed with three replicates. As shown in
Figure 5d, the signal variation was proportionally increased to
the logarithm of h-TB concentrations with an LOD of 0.40
pM, compared to the insignificant differences in b-TB analysis.
The remarkable signal variation for serum sample analysis is
indeed due to the high-specificity and high-affinity capture of
h-TB by the aptamer, so common interferents such as b-TB
could not break the crosslink points between the aptamer and
the complementary sequence and generate obvious variations.
Although the metamaterial design may be common, the
proposed THz biosensor with excellent sensing performance
exactly verifies the necessity and universality of introducing an
aptamer hydrogel and demonstrates that such an approach
could immediately confer any THz metamaterial the ability of

Figure 5. Sensing performance of the THz biosensor. (a) Sensitivity
of the THz biosensor for the detection of h-TB in PBS ranging from
0.5 to 500 pM. (Inset) Linear relationship between the signal
variation and the logarithm of h-TB concentration. (b) THz spectra
of the aptamer-functionalized THz metamaterial before (black solid
line) and after (red solid line) the induction in h-TB (100 pM) and of
the bare THz metamaterial with only PBS drops (blue solid line). (c)
Specificity evaluation of the THz biosensor for the detection of h-TB
against interferents in PBS. (d) Quantitative analysis of h-TB and b-
TB in serum samples. Error bars indicate standard deviations (n = 3).
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specific and sensitive sensing in aqueous environments. We
believe that further improvement of this biosensor by using a
low-dielectric-constant substrate and a novel sensing mecha-
nism (e.g., Fano resonance or the electromagnetically induced
transparency effect) will boost the development of THz
spectroscopy in more clinical applications.

■ CONCLUSIONS

In summary, a molecule-specific THz biosensor prepared from
an h-TB-responsive aptamer hydrogel-functionalized metama-
terial was successfully developed for the sensitive, label-free,
and quantitative detection of h-TB in aqueous environments.
Benefiting from the strong THz absorption of water and the
enhanced localized electric field of the metamaterial, the
proposed strategy displays an excellent sensing performance
with an LOD of 0.40 pM in serum, far better than the aptamer-
functionalized THz metamaterial. Notably, the THz biosensor
demonstrates significant improvement in the detection
specificity of THz spectroscopy for aqueous samples and
even serum by virtue of the aptamer hydrogel. Thus, the
proposed strategy, as a model system, brings to light new
avenues for the development of molecule-specific THz
biosensors suitable for point-of-care applications and clinical
diagnosis.
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