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Aptamer-functionalized smart photonic hydrogels:
application for the detection of thrombin in human
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Abstract
Smart photonic hydrogels based on two-dimensional photonic crystals (2DPC) provide a promising sensing platform
for constructing novel chemical and biological sensors due to their facile optical signal readout and highly sensitive
responsivity toward target analytes. Aptamers, as recognition elements with high selectivity and affinity, are
extensively used to construct a variety of sensors. Herein, we developed two partially base complementary aptamer-
functionalized 2DPC hydrogels as aptasensors for the detection of thrombin (TB) in human serum. The photonic
hydrogel aptasensors swelled upon exposure to TB solution, leading to an increase in the particle spacing of the
2DPCs. The particle spacing changes were acquired by simply measuring the diameters of the Debye ring diffracted by
the 2DPCs without the requirement of sophisticated instruments. The aptasensor swelling resulted from the decrease
in the hydrogel cross-linking density induced by the specific binding between one of the aptamers and TB and the
increase in hydrogel mixing free energy induced by the introduction of TB. The particle spacing increase of the
optimized aptasensor was linear over the TB concentration range of 1–500 nM, and the limit of detection was 0.64 nM.
The constructed 2DPC hydrogel aptasensor was used to detect TB in human serum and achieved recoveries of
95.74–104.21% and a relative standard deviation of 2.52–6.58%, showing the practicability and accuracy of the sensor.
The aptamer-actuated 2DPC hydrogel biosensor provides a new strategy for designing other target molecule-sensitive
aptasensors, showing great potential for development into home kits.

Introduction
Smart photonic hydrogels are promising candidates

for developing novel chemical and biological sensors
due to their facile optical signal readout and highly
sensitive responsivity toward target analytes1,2. Two-
dimensional photonic hydrogels are fabricated by
embedding a two-dimensional photonic crystal (2DPC)
into a polymer hydrogel network3. A 2DPC, as an
optical material, is composed of two dielectric sub-
stances with different refractive indices and shows
strong light diffraction in the forward direction due to
its periodic array structure4. A 2DPC array diffracts

light at an angle and forms a bright ring defined as a
Debye ring when it is irradiated by monochromatic
incident light5,6. The diameter of the Debye diffraction
ring reflects the particle spacing of the 2DPC7. Smart
hydrogels are soft materials that can respond to external
stimuli and generate volume phase transitions8. When a
2DPC array is embedded in a smart hydrogel, the par-
ticle spacing of the 2DPC will change after the hydrogel
is exposed to an environment containing target analytes
due to the hydrogel volume change induced by the
external stimuli. These particle spacing changes can
be used as sensing signals for external stimuli and can
be acquired by measuring the Debye diffraction ring
diameter with just a laser pointer and a ruler and
without sophisticated instruments1,9–11. Thus, smart
2DPC hydrogels (2DPCH) are considered an ideal and
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facile sensing material by monitoring their Debye dif-
fraction rings to detect target analytes.
Presently, a variety of sensors based on smart 2DPC

hydrogels have been developed for detecting different
target analytes, such as H2O2

12, Ag+13,, urea14, glu-
cose15,16, amino acids13,17, proteins18,19 and microorgan-
isms20–22. For example, Cai et al12. developed a label-free
2DPC protein hydrogel for the colorimetric detection of
H2O2. A urea and urease inhibitor sensor14 was con-
structed by introducing urease into a 2DPCH as a
recognition element. Recently, aptamer-crosslinked
2DPCH have been reported to detect Ag+, Cys and
SARS-Corona viruses13,22. Inspired by these works, the
design and construction of simple, highly sensitive and
selective 2DPCHsensors for detecting proteases in body
fluids is promising.
Proteases, which play crucial roles in many pathological

and physiological processes, can participate in and reg-
ulate many physiological activities and act as biomarkers
for some diseases23. For example, thrombin (TB) can
serve as a potential diagnostic biomarker because it is
involved in some diseases, such as Alzheimer’s disease24,
nephrotic progression25, venous thromboembolism26 and
cancers27. Using various analytical techniques, many of
the developed TB-sensitive materials, especially aptamer-
based biosensors, have realized the effective detection of
TB28–30. Aptamers are single-stranded DNA or RNA that
can bind target molecules with high selectivity and affi-
nity31. They are widely used to construct various apta-
sensors, including TB-sensitive sensors through the
introduction of TB-binding aptamers32, due to their
simple synthesis, high stability, diversified design, easy
modification, and low cost33,34. For example, Zboril and
coworkers28 fabricated an aptamer-modified hier-
archically porous fluorinated graphene oxide@metal
−organic gel composite to detect TB with a limit of
detection (LoD) of 58 pM using an electrochemical
method. Hu et al.29 reported a polymer brush modified by
aptamers as a TB sensor and used the surface plasmon
resonance technique to highly and sensitively recognize
TB with an LoD of 1.1 nM in human blood plasma. These
methods are reliable, selective, and sensitive, with LoDs
that reach the pM or even fM scale30. However, their
practical and clinical applications are restricted by time-
consuming, complicated sample preparation and bulky,
expensive instruments. Therefore, developing 2DPCH
aptasensors is a promising strategy for the construction of
TB-sensitive sensors to achieve the simple, low-cost and
clinically applicable detection of TB.
In this work, we constructed two partially base com-

plementary aptamer-functionalized 2DPCH sensors to
accurately detect TB in human serum. Amino-terminated
DNA aptamers were linked into a carboxyl-rich hydrogel
network containing a polystyrene 2DPC array by amide

bonds. Upon exposure to TB solution, the photonic
hydrogel aptasensors swelled, and the particle spacing of
the 2DPC embedded in the hydrogel networks increased.
The reason for this is that the binding between TB and
one of the aptamers opened the complementary bases of
the DNA strands linked to the polymer chains, releasing
the other aptamer and leading to a decrease in the cross-
linking density of the hydrogel. Additionally, the intro-
duction of TB molecules into the aptasensors induced an
increase in the mixing free energy of the hydrogel. The
2DPCH aptasensors were used to detect TB in human
serum, and the results demonstrated their practicality
and accuracy. This type of aptamer-actuated 2DPCH
aptasensor is low-cost, simple, selective and sensitive,
providing a new strategy for designing other protease-
sensitive biosensors.

Experimental section
Materials and characterization
Human thrombin (≥2000 units/mg), bovine serum

albumin (BSA), human albumin (Alb) and adenosine (AD)
were purchased from Sigma‒Aldrich. Acrylic acid (AAc),
acrylamide (AAm), N, N’-methylenebisacrylamide (Bis),
2-hydroxy-4′- (2-hydroxyethoxy)-2-methylpropiophenone
(I2959), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
hydrochloride (EDC) and cysteine (Cys) were supplied by
Aladdin Chemistry Co., Ltd. N-Hydroxysulfosuccinimide
sodium salt (NHS) was purchased from J&K Scientific
Co., Ltd. Lysozyme (Lys), the aptamer 5′-NH2-(CH2)6-
ACTGTGGTTGGTGTGGTTGG (S1) and its partially
complementary sequence 5′-NH2-(CH2)6-ACCAACCA
CAGT (S2) were acquired from Sangon Biotech. Co., Ltd.
Human serum was provided by Hefei Bomei Biotech. Co.,
Ltd. AAc was purified by distillation before use. Phosphate
buffered saline (PBS) solution (10mM, pH 7.40) was used
for all measurements. Nanopure water (18.2mΩ∙cm)
obtained from a Duro Pro 12FV water purification system
was used to prepare all solutions. Polystyrene (PS)
microspheres with a diameter of ~960 nm were synthe-
sized by dispersion polymerization and then purified by
repeated centrifugation and dispersion35. The diameter
and particle size distribution of the PS microspheres were
characterized by dynamic light scattering (DLS), as shown
in Fig. S1a. The diameter of the PS microspheres was
964.8 ± 52.8 nm. Moreover, the diameter obtained by the
SEM image (Fig. S1b) of the 2DPC prepared from these PS
microspheres was 956 nm, which was close to the result
from the DLS method. Thus, we characterized the PS
microsphere diameter as ~960 nm.
The microstructures of the prepared 2DPC and 2DPCH

were observed using a scanning electron microscope
(SEM, JSM-7610F, JEOL, Japan) after gold sputtering. The
FTIR spectra were recorded on a Fourier transform
infrared spectrometer (FTIR, Nicolet iS5, US).
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Fabrication of the 2DPCH and measurement of the Debye
diffraction ring
The PS microsphere latex (~20 wt%) was mixed with

1-propanol at a volume ratio of 3:1, followed by vortexing
for 2 min. The mixture was slowly and smoothly injected
into an air‒water interface using a syringe (Fig. 1)36. The
PS microspheres spread outward due to the difference in
surface tension between water and 1-propanol and self-
assembled to form a 2DPC monolayer array in a hex-
agonally close-packed arrangement on the water surface.
The resultant 2DPC array was carefully transferred onto a
glass side (2.4 cm × 7.6 cm) and dried in air. Next, a cer-
tain volume of polymerizable precursor solution con-
taining AAc, AAm, Bis and I2959 was dropped onto the dry
2DPC array surface and then covered with a glass slide.
The “sandwich” sample was irradiated by 365 nm UV light
for 30 min to initiate the polymerization reaction to fab-
ricate the 2DPC-P(AAm-co-AAc) hydrogel film (Scheme
S1). The resulting 2DPCH film was peeled off the glass
surface and immersed into ultrapure water for a thorough
wash of 6 h (the water was changed every 2 h) to remove
the unreacted monomers. The hydrogel was further
immersed into PBS solution for 6 h (the PBS solution was
changed every 2 h), followed by equilibration in PBS
solution for 24 h. The equilibrated 2DPCH swelled to
form a periodically nonclose-packed structure of PS
microspheres because of the existence of the carboxyl
groups in PBS solution at pH = 7.40.
The resultant 2DPC hydrogel could diffract a Debye

ring on the bottom screen when illuminated by a laser
along the array normal. This is because the 2DPC array
shows strong forward diffraction, and the 2DPC array

domain has identical spacing in different directions in the
illuminated area by the laser. These domains show many
spots with identical diffraction diameters, forming Debye
rings37,38. Furthermore, for a perfectly ordered 2DPC, the
light is strongly forward diffracted at an angle and pro-
duces 6 bright diffraction spots, as shown in Fig. 2a. The
particle spacing d can be calculated from the formula
listed in Fig. 2b by measuring the Debye diffraction ring
diameter D7. In this study, the laser wavelength λ was
532 nm, and the distance h between the 2DPC array plane
and the bottom screen was set at 116 mm. Herein, the
effect of the hydrogel thickness on the height h was
neglected because the hydrogel thickness was on the
micrometer level; the 116 mm h was 1000 times larger
than the hydrogel thickness. In our study, we fabricated
two hydrogel sensors with different thicknesses. The
effect of the hydrogel thickness on the particle spacing of
2DPCH is discussed in detail in Section 3 in the Sup-
porting Information. The results demonstrated that the
differences in particle spacing for any one of the 2DPCH
sensors with and without considering the hydrogel
thickness were approximately 1 nm (Table S1). Therefore,
we calculated the particle spacing of the hydrogel sensors
without considering the hydrogel thickness.
For each particle spacing measurement, three 2DPCH

samples were used for every experiment, and the d of each
sample was measured at 3 different positions. From the 9
measurements, the average of d was calculated.

Fabrication of TB-sensitive 2DPCH aptasensors
An equilibrated 2DPCH film was cut into pieces of

1 cm × 1 cm to modify the DNA aptamers. In detail, a piece

Fig. 1 Fabrication of 2DPC hydrogels. The PS microsphere latex was injected into the air‒water interface, and the PS microspheres self-assembled
in a periodic arrangement, followed by transfer to a glass slide to obtain a 2DPC array. A polymerizable precursor solution was dropped on the dry
2DPC surface (2.4 cm × 3.2 cm), and then a coverslip was placed on top of the precursor solution. A free-standing PS 2DPCH was acquired by
photopolymerization and subsequent peeling from the glass substrate. The resultant 2DPCH was washed with water and PBS solution and
equilibrated in PBS solution.
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of 2DPCH film was immersed in 1mL of PBS solution
containing 15mg EDC and 3mg NHS for 1 h14,39, followed
by PBS washing for 6min (PBS was changed every 2min).
Then, 20 μL of S1 solution and 10 μL of S2 solution at a
certain concentration were dropped onto the 2DPCH
piece, and the reaction was kept at room temperature for
1 h and at 4 °C overnight. After washing with PBS for 6 h
(PBS was changed every 2 h), the aptamer-functionalized
2DPCH was obtained and stored in PBS before use. The
photoinitiated copolymerization reaction of AAm and AAc
and the subsequent modification of DNA aptamers are
shown in Scheme S1 in the Supporting Information. FTIR
spectra (Fig. 3) demonstrated that the DNA aptamers
successfully modified the polymer chains of the hydrogel
according to the new absorption peaks at 1561 cm−1

(C=N and C=C stretching vibration of DNA)40,
1223 cm−1 (the symmetric stretching vibration of O=
P=O in DNA)41, 1034 cm−1 (C-O stretching vibration of
DNA backbone)42,43 and 776 cm−1 (the ring breathing
vibration of DNA)44. To simplify spectral analysis, the
infrared samples were hydrogels that did not contain
photonic crystals. In addition, aqueous solution was used in
the whole preparation and modification process of the
hydrogel to avoid the influence of the P=O groups in the
PBS solution.
We adjusted the contents of AAc and Bis in the poly-

merizable precursor solutions and the concentrations of
aptamers S1 and S2 to optimize the 2DPCH biosensor, in
which 110 μL of precursor solution was used. Table 1
provides the compositions of the polymerizable precursor
solutions used to prepare the 2DPC hydrogels. Herein, the
prepared 2DPCH films from the modification of S1 and
S2 are denoted as S1/S2-2DPCH. Using the same method,
we fabricated aptamer S1- or S2-modified 2DPCH films as

control samples by adding 110 μL of polymerizable pre-
cursor solution and denoted them as S1-2DPCH and S2-
2DPCH, respectively. To study the influence of the
hydrogel thickness on the detection performance,
we prepared two S1/S2-2DPCH films by changing the
volumes of the precursor solution (110 μL and 70 μL).
The resultant 2DPCH aptasensors are denoted as S1/S2-
2DPCH-110 and S1/S2-2DPCH-70, respectively. Herein,
the contents of AAm, AAc and Bis in the precursor
solutions were 8.0 wt%, 3.0 wt% and 0.4 wt%, respectively,
and 100 μM S1 and S2 aptamers were used to perform the
modification of the samples S1-2DPCH, S2-2DPCH, S1/
S2-2DPCH-110 and S1/S2-2DPCH-70. The thicknesses of
the hydrogels can be estimated by dividing the volume of

Fig. 3 FTIR characterization. The FTIR spectra of the hydrogels
before and after modification of the aptamer.

Fig. 2 Measurement of Debye diffraction ring. a Photograph of Debye ring diffracted by a 2DPC hydrogel and b Debye ring diameter
measurement. The 2DPCH was illuminated along the array normal by a 532 nm green laser pointer, producing a Debye diffraction ring on the

bottom screen. The particle spacing d of the 2DPC was calculated from the formula d ¼ 4 λlaser

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ðD=2Þ2 þ h2
q

=ð ffiffiffi

3
p

DÞ7, where λlaser is the laser

wavelength, D is the diameter of the Debye ring, and h is the distance between the 2DPC array plane and the bottom screen.
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the added precursor solution by the area of the glass slide
containing the photonic crystal, ignoring the influence of
the PS microsphere diameter. Therefore, the thicknesses
were ~ 143 μm and ~ 91 μm for the hydrogels when the
added precursor solutions were 110 μL and 70 μL,
respectively.

Detection of TB in PBS solution and human serum
A 2DPCH film (1.0 cm × 1.0 cm) was immersed into TB

solution (40 μL) prepared with PBS for a certain time,
followed by thorough rinsing with PBS solution for
more than 2 h (the PBS was changed every 30min) before
performing Debye diffraction ring measurements. The
particle spacing changes of the photonic hydrogel apta-
sensor before and after reaction with TB solution were
calculated to monitor the responsivity of the 2DPCH film.
Human serum was diluted 10-fold with PBS. Different

concentrations of TB were spiked into the diluted serum
solutions and used as the testing solutions. Pieces of the
S1/S2-2DPCH films were immersed into 40 μL of the
testing solutions, and the particle spacing changes were
recorded.

Results and discussion
Morphology of the 2DPCH
Figure 4a, b shows SEM images of the prepared PS

2DPC array on a glass side. The 2DPC exhibited a highly
ordered and periodically arranged hexagonal close-packed
structure over a large area and showed an iridescent color
(Fig. 4b inset). The ordered 2DPC films provided an
excellent platform for the preparation of 2DPC hydrogels.
After UV polymerization, the 2DPC was embedded into
the P(AAm-co-AAc) hydrogel network, as shown in
Fig. 4c. Obviously, the original periodic microstructure of
the 2DPC was not destroyed during the UV polymeriza-
tion and perfectly maintained the ordered close-packed
arrangement. We also observed an iridescent hydrogel

film (Fig. 3c inset). After the 2DPCH was washed with
PBS, the hydrogel swelled due to the hydrophilic carboxyl
group, leading to a nonclose-packed arrangement of PS
particles in the polymer network while still maintaining
the highly ordered hexagonal structure and the rainbow
color of the 2DPC (Fig. 4d).

Response of the S1/S2-2DPCH-110 aptasensors to TB
To investigate the detection feasibility of the prepared

S1/S2-2DPCH-110 aptsensors for TB, the particle spacing
changes of S1/S2-2DPCH-110, EDC-NHS-activated
2DPCH without aptamers and unactivated 2DPCH
without aptamers were measured after exposure to 1 μM
TB solutions for 3 h. In addition, S1/S2-2DPCH-110 was
also immersed into a blank PBS solution without TB, and
the particle spacing change was recorded. The poly-
merizable precursor solutions for preparing these 2DPCH
films had the same compositions (Table 1, sample 1). As
shown in Fig. S2, the particle spacing of S1/S2-2DPCH-
110 increased by 88.04 ± 6.04 nm in the presence of 1 μM
TB, whereas the particle spacing changes of the other
hydrogels under the same conditions were less than
~6 nm. These results demonstrated that the constructed
aptamer-modified 2DPCH biosensors showed a clear
swelling response to TB, indicating that this 2DPCH film
can be a candidate aptasensor for TB detection.
The response mechanism of the S1/S2-2DPCH-110

aptasensor for TB is shown in Scheme 1. The 2DPC-
embedded P(AAm-co-AAc) hydrogel with rich carboxyl
groups is activated by EDC and NHS and then reacts with
amino-terminated DNA aptamers, which are linked to the
polymer chains by amide bonds. The hydrogel shrinks
after being modified by aptamers because the amino ter-
mini of aptamers S1 and S2 are linked to the polymer
chains and simultaneously form complementary base
pairs, which shorten the distance between the polymer
chains45. Upon reacting with TB, the 2DPCH aptasensor

Table 1 Compositions of polymerizable precursor solutions used to prepare 2DPCH.

Sample (#) Total (g) AAm (g) AAc (g) Bis (g) H2O (g) AAc (wt%) Bis (wt%)

1 10 0.8 0.5 0.05 8.65 5 0.5

2 0.4 0.05 8.75 4 0.5

3 0.3 0.05 8.85 3 0.5

4 0.2 0.05 8.95 2 0.5

5 0.1 0.05 9.05 1 0.5

6 0.3 0.04 8.86 3 0.4

7 0.3 0.03 8.87 3 0.3

8 0.3 0.02 8.88 3 0.2

The precursor solutions were prepared by adding 20 µL of 33% (w/v) I2959 in DMSO into 1 mL of polymerizable monomer solutions. Then, 110 μL of the precursor
solution was added onto the surface of a 2DPC array (2.4 cm × 3.2 cm) to prepare a 2DPCH. Then, 100 μM DNA aptamers were used for the next modification.
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undergoes swelling due to the specific binding between
the aptamer S1 and the TB molecules. Herein, aptamer S1
binds TB, and its single strand conformation changes into
a G-quadruplex structure46. The complementary base
pairs between S1 and S2 are opened, releasing aptamer S2

and increasing the distance between the polymer chains45.
Thus, the binding between S1 and TB decreases the cross-
linking density of the hydrogel, and as a result, the
hydrogel swells after reaction with TB. In addition, both
the conformational change of S1 and the introduction of

Fig. 4 SEM images. a 2DPC on a glass slide; b 2DPC on a glass slide in a large area; c initial prepared 2DPCH; d 2DPCH after washing with PBS
solution. Insets in a, b and c: photographs of the corresponding films illuminated by a white light flashlight incident at ∼75° from the array normal.

Scheme 1 Schematic illustration of the fabrication and detection mechanism of the 2DPCH aptasensors for TB. The prepared 2DPCH with rich
carboxyl groups was activated by EDC and NHS, followed by reacting with amino-terminated aptamers to form two partially basic complementary
aptamer-functionalized 2DPCH. The aptamer S1 binds TB to form a G-quadruplex structure and opens the complementary bases between S1 and S2,
releasing aptamer S2 and decreasing the cross-linking density of the hydrogel. In addition, the introduction of TB increases the mixing free energy of
the hydrogel. Both the decrease in cross-linking density and the increase in mixing free energy resulted in the swelling of the hydrogel.
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TB change the chemical structure of the hydrogel, leading
to an increase in the mixing free energy3, which also
induced the hydrogel to swell. Therefore, both the
decrease in cross-linking density and the increase in
mixing free energy cause the hydrogel to swell1,3.
To further confirm the detection mechanism of TB

proposed in Scheme 1, we fabricated several 2DPCH
films including S1/S2-2DPCH-110 (Table 1, sample 6),
S1-2DPCH, S2-2DPCH and 2DPCH without aptamer.
These hydrogel sensors were treated with 1 μM TB for
3 h, and the resulting particle spacing changes are
shown in Fig. 5. The particle spacing of S1/S2-2DPCH-
110 increased by 122.69 ± 3.45 nm, and that of
S1-2DPCH increased by 40.55 ± 2.41 nm. However,
the particle spacing increases of S2-2DPCH- and
nonaptamer-functionalized 2DPCH were lower than
4 nm, which could be negligible. The results demon-
strated that only the 2DPCH films containing aptamer
S1 could swell. This is due to the specific binding
between S1 and TB. We also found that the particle
spacing increase of S1/S2-2DPCH-110 was significantly
larger than that of S1-2DPCH. There was an approxi-
mately 80 nm difference in the particle spacing change.
This is because both the changes in cross-linking den-
sity and mixing free energy induced the swelling of the
S1/S2-2DPCH-110 film, while only the increase in
mixing free energy induced the swelling of the S1-
2DPCH film. It can also be seen that the change in
crosslinking density played a more important role in the
swelling of the hydrogel. In brief, the decreased cross-
linking density and increased mixing free energy of the
hydrogel induced remarkable swelling and a particle
spacing increase of more than 120 nm for the S1/S2-
2DPCH-110 aptasensor.

Optimization of the S1/S2-2DPCH-110 aptasensors
To acquire a more sensitive 2DPCH aptasensor for TB,

we first optimized the composition of the hydrogel pre-
cursor solutions. For S1/S2-2DPCH-110, AAc, as a
functional monomer that provides carboxyl groups as the
binding sites of aptamers, will influence the swelling and
shrinkage ability of the hydrogels. Therefore, the content
of AAc will be related to the response performance of the
2DPCH aptasensors. We fabricated a series of 2DPCH
films by changing the amount of AAc: the polymerizable
precursor solutions contained 8 wt% AAm and 0.5 wt%
Bis, and the hydrogels were functionalized by 100 μM S1
and S2 solutions (Table 1, samples 1–5). Figure 6a shows
the particle spacing changes of these hydrogel sensors
upon exposure to 1 μM TB solution for 3 h. The particle
spacing change increased from 26.67 ± 3.45 nm to
88.04 ± 6.04 nm when the AAc concentration (CAAc)
increased from 1 wt% to 3 wt%. This is because an
increase in the AAc content can provide more carboxyl
groups to link more aptamers and to bind more TB,
resulting in a larger particle spacing increase. A further
increase in AAc concentration caused a decrease in the
particle spacing change. This may be because too many
hydrophilic carboxyl groups swelled the hydrogel too
much, which limited its further swelling actuated by the
binding between aptamer S1 and TB. Thus, 3 wt% AAc
was subsequently used for preparing the S1/S2-2DPCH-
110 films.
The content of the crosslinker (Bis) in the precursor

solutions (Table 1, samples 3, 6-8.) was then adjusted for
the hydrogel preparation, in which 8 wt% AAm, 3 wt%
AAc and 100 μM aptamer solutions were used. The
resulting 2DPCH films reacted with 1 μM TB solutions
for 3 h. As seen in Fig. 6b, the particle spacing changes of
these hydrogels sharply increased from 70.64 ± 3.68 nm to
124.57 ± 4.44 nm as the concentration of Bis (CBis)
increased from 0.2 wt% to 0.4 wt%. However, upon further
increasing the Bis concentration to 0.5 wt%, the particle
spacing change decreased to 88.04 ± 6.04 nm. Obviously,
S1/S2-2DPCH-110 prepared from 0.4 wt% Bis showed
the largest particle spacing increase upon exposure to the
same concentration of TB. The reason for this is that the
hydrogel is liable to swell at a lower crosslinker content.
The swelling ability will be inhibited at a higher con-
centration of crosslinker. Therefore, the 2DPCH films
fabricated from 8 wt% AAm, 3 wt% AAc and 0.4 wt% Bis
were used as optimal fundamental materials to construct
the aptasensors of TB.
Aptamers, as recognition molecules, are key components

of hydrogel biosensors, and the degree of their modifica-
tion will undoubtedly influence the detection performance
of the aptasensors13,22. Thus, the 2DPCH films prepared
from the optimized polymerizable precursor solutions
were modified with different concentrations of aptamers

Fig. 5 Response of various 2DPCH films. The particle spacing
changes of various 2DPCH films upon exposure to 1 μM of TB
solutions.
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(CAptamer). The particle spacing changes after reacting with
1 μM TB solution for 3 h are shown in Fig. 6c. The largest
particle spacing increase of 124.57 ± 4.44 nm was obtained
from the 2DPCH aptasensor modified by 100 μM apta-
mers. The particle spacing change decreased by 7.31 nm as
the CAptamer concentration increased to 150 μM. This may
be attributed to the excessive amount of aptamer mod-
ification causing a higher crosslinking density of the
hydrogel, which is not favorable for the swelling of the
hydrogel.
Furthermore, we prepared three 2DPCH aptasensors

modified by different volume ratios of S1 and S2, using 8wt%
AAm, 3wt% AAc, 0.4 wt% Bis and 100 μM S1 and S2. The
particle spacing changes of these aptasensors after reacting
with 1 μM TB solutions for 3 h are given in Fig. 6d. The
results showed that the particle spacing change increased
from 84.41 ± 4.49 nm to 137.71 ± 6.25 nm when the volume
ratio of S1/S2 changed from 1:2 (10 μL S1, 20 μL S2) to 1:1
(20 μL S1, 20 μL S2). This is because equivalent amounts of
S1 and S2 are beneficial for forming more complementary
pairs when modifying the hydrogel, resulting in a hydrogel
aptasensor with a higher cross-linking density. After the
response to TB, more binding between S1 and TB occurred,
and more S2 was released, leading to the formation of a
swollen hydrogel with a lower cross-linking density. We also
found that the particle spacing change still reached
124.57 ± 4.44 nm when the volume ratio of S1/S2 was set at

2:1 (20 μL S1, 10 μL S2). It only showed a difference of
~13 nm compared with that from the volume ratio of 1:1.
From an economic perspective, the 2DPCH aptasensors
prepared with 8wt% AAm, 3wt% AAc, 0.4 wt% Bis, and
100 µM (20 μL S1, 10 μL S2) aptamers were chosen as the
sensors for detecting TB.

TB detection by the S1/S2-2DPCH-110 aptasensors
We investigated the response selectivity and anti-

interference of the S1/S2-2DPCH-110 films toward TB by
immersing the hydrogel sensors into 40 μL of PBS solutions
containing Cys, Lys, BSA, AD, and Alb, blank PBS solution
and a mixture solution containing 1 μM of these biomole-
cules for 3 h, respectively. The resulting particle spacing
changes are shown in Fig. 7. The particle spacing of S1/S2-
2DPCH-110 increased by 122.69 ± 3.45 nm in TB solution
and 117.8 ± 3.45 4.79 nm in the mixture solution, whereas it
increased less than 13.82 ± 2.59 nm in the other biomole-
cule solutions and the blank solution. The significant dif-
ference in the particle spacing changes indicated that the
constructed S1/S2-2DPCH-110 aptasensor had good
selectivity and anti-interference for TB over the other bio-
molecules due to the specific binding between aptamer S1
and TB. A negligible particle spacing increase of
3.32 ± 4.75 nm was obtained for the blank PBS solution,
demonstrating TB-induced hydrogel swelling because of the
existence of the TB-binding aptamer in the biosensor.

Fig. 6 Optimization of the aptasensors. Dependence of the particle spacing changes of the S1/S1-2DPCH-110 aptasensors on the concentrations
of a AAc, b Bis and c aptamers and d the volume ratio of S1 (100 μM) and S2 (100 μM).
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The dependence of the particle spacing changes of the
S1/S2-2DPCH-110 aptasensors on the TB concentration
(CTB) was studied to explore the detection sensitivity of
this sensor to TB. As shown in Fig. 8a, the changes in
particle spacing sharply increased from 17.02 ± 4.07 nm to
122.69 ± 3.45 nm with increasing TB concentration from

1 nM to 1 μM and then leveled off. Furthermore, the
magnitude of the particle spacing increase was linearly
related to the logarithm of CTB within 1–500 nM (Fig. 8b).
The correlation coefficient (R2) was 0.9915, and the LoD
was 0.82 nM (S/N= 3).
To further improve the sensing performance of the

aptasensor, we attempted to reduce the hydrogel thickness
by decreasing the volume of the polymerizable precursor
solution. To this end, the S1/S2-2DPCH aptasensors fab-
ricated by using 70 μL of precursor solutions (S1/S2-
2DPCH-70) were immersed into different concentrations
of TB solutions, and the resulting particle spacing increases
were recorded, as shown in Fig. 8c. The change tendency of
the particle spacing increase was similar to that of the S1/
S2-2DPCH-110 fabricated from 110 μL precursor solution.
The particle spacing changes of S1/S2-2DPCH-70 also
linearly increased with the logarithm of CTB over the range
of 1–500 nM with an R2 of 0.9957 (Fig. 8d), and the LoD
was found to be 0.64 nM (S/N= 3). These results
demonstrated that reducing the hydrogel thickness can
improve the detection sensitivity of the aptasensor for TB.
In addition, S1/S2-2DPCH-70 also showed good selectivity
and anti-interference for detecting TB (Fig. S3).
Figure 9a, b shows the time dependence of the particle

spacing changes for the two 2DPCH aptasensors with dif-
ferent thicknesses at three different TB concentrations. The
particle spacing changes of both of the hydrogel aptasensors

Fig. 7 Detection selectivity. Particle spacing changes of the S1/S1-
2DPCH-110 aptasensors in response to various biomolecule solutions
of 1 μM and the blank solution. The mixture solution (marked as Mix)
was prepared by mixing the biomolecules listed in this figure, and
each concentration was kept at 1 μM.

Fig. 8 Detection sensitivity. Dependence of the particle spacing changes on the TB concentration for a S1/S2-2DPCH-110 and c S1/S2-2DPCH-70.
The particle spacing changes are plotted against logCTB for b S1/S2-2DPCH-110 and d S1/S2-2DPCH-70 between 1–500 nM.
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increased rapidly within 90min and then gradually increased
and leveled off at any concentration. At lower TB con-
centrations (10 nM and 100 nM), the thicker hydrogel sen-
sor S1/S2-2DPCH-110 needed 160min to reach the
maximal particle spacing change (Fig. 9a), while the thinner
sensor S1/S2-2DPCH-70 needed 140min (Fig. 9b).
Obviously, the thinner hydrogel sensor took less time to
reach the response equilibrium. Additionally, at the same TB
concentration, S1/S2-2DPCH-70 showed a slightly larger
particle spacing increase after reaching the response equili-
brium, as shown in Fig. 9c and Fig. S4. Figure 9d further
demonstrates that the thinner hydrogel aptasensor had a
larger particle spacing increase after reacting for the same
time with the same concentration of TB, indicating a more

sensitive volume change and a faster response. The above
results showed that reducing the thickness of the hydrogel
sensor is beneficial for improving its response performance.

TB detection in human serum
Both the S1/S2-2DPCH-110 and S1/S2-2DPCH-70

aptasensors were used to detect TB in human serum by
the standard addition method. Various concentrations
(10 nM, 100 nM and 500 nM) of TB in 10-fold diluted
human serum were tested, and the particle spacing
changes before and after response were recorded.
According to the linear relationships shown in Figs. 8b
and 8d, we calculated the TB concentration in each
human serum testing solution, as shown in Table 2.

Fig. 9 Particle spacing changes at different TB concentrations and times. Time dependence of the particle spacing changes for a S1/S2-2DPCH-
110 and b S1/S2-2DPCH-70 when placed in different TB concentrations. c Particle spacing changes of these two aptasensors exposed to 10 nM,
100 nM and 1 μM TB solutions. d Time dependence of the particle spacing changes for these two aptasensors exposed to 1 μM TB solution.

Table 2 Detection of TB in human serum.

Sample Aptasensors Added (nM) Found (nM) Recovery % RSD % (n= 3)

Human serum S1/S2-2DPCH-110 10 11.53 115.30% 1.20%

100 103.51 103.51% 0.65%

500 477.44 95.50% 1.30%

S1/S2-2DPCH-70 10 10.42 104.21% 2.52%

100 95.74 95.74% 6.58%

500 486.08 97.22% 4.64%
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S1/S2-2DPCH-110 showed good recoveries for detect-
ing TB in human serum from 95.50% to 115.30%, and
the relative standard deviation (RSD) was 0.65–1.30%.
Moreover, S1/S2-2DPCH-70 also exhibited good
recoveries of 95.74–104.21% and RSDs of 2.52–6.58%.
The results demonstrated that the constructed photonic
hydrogel aptasensor can be well applied in TB detection
in human serum, showing promise for the development
of home kits.

Conclusion
Thrombin-sensitive smart photonic hydrogel apta-

sensors were constructed by modifying 2DPC-embedded
P(AAm-co-AAc) hydrogels with complementary aptamers
S1 and S2. In the presence of TB, aptamer S1 specifically
bound TB, opening the complementary components of S1
and S2 and resulting in a decrease in the cross-linking
density of the hydrogel. Additionally, when TB entered
the hydrogel by binding with aptamer S1, the mixing free
energy of the hydrogel increased. Both the decrease in
cross-linking density and increase in the mixing free
energy of the hydrogel caused the 2DPCH aptasensor to
undergo swelling. The swelling of the photonic hydrogel
aptasensor was monitored by measuring the Debye dif-
fraction ring to acquire the particle spacing changes. The
optimized S1/S2-2DPCH aptasensor showed a particle
spacing increase of more than 120 nm. The aptamer-
functionalized 2DPCH sensors could detect TB with high
selectivity and sensitivity, and an LoD of 0.64 nM was
obtained by further adjusting the thickness of the
hydrogel. The constructed hydrogel aptasensor was suc-
cessfully used to detect TB in human serum with recov-
eries of 95.74–104.21% and RSDs of 2.52–6.58%. This
type of 2DPCH aptasensor is simple to operate and has
easily readable optical signals. It provides a new method
for the construction of photonic hydrogel aptasensors
with other chemical or biological molecules by modifying
the corresponding binding aptamers and has the potential
to be developed into home kits.
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