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A B S T R A C T   

Terahertz (THz) spectroscopy, with fascinating advantages for biomedical applications, is still in its infancy in 
terms of the selective detection of aqueous biomolecules because the strong absorption of solvent water always 
obscures the THz spectroscopic features of biomolecules. Nevertheless, solvent water is not a passive spectator 
but a useful indicator, as this proposed strategy describes. This strategy utilizes THz attenuated total reflection 
(THz-ATR) spectroscopy to probe the glucose-induced hydration state changes of smart hydrogels for label-free 
and selective detection of aqueous glucose. A notable dramatic increase in both the THz absorption coefficient 
and hydration state (calculated by weighing) of the smart hydrogel was observed with increasing aqueous 
glucose concentration, which was further verified by a simple two-component model. For aqueous glucose 
sensing, this method surpasses individual THz-ATR devices and exhibits suitable sensitivity, ideal selectivity and 
excellent reusability. Moreover, the proposed strategy may provide an alternative option for the selective 
detection of various aqueous molecules by THz spectroscopy.   

1. Introduction 

Terahertz (THz) spectroscopy, as an emerging label-free and 
nonionizing detection technology, could unravel the mystery of long- 
range and intermolecular vibrational modes and is especially adapt
able for probing the function, conformation, and hydration dynamics of 
biomolecules. Owing to the abundant distinct features in THz absorption 
spectra, many molecules comprising carbohydrates, amino acids, nu
cleotides [1] and methylated DNA [2] can be precisely identified in their 
dry or frozen state, referred to as THz spectral fingerprint identification. 
With regard to THz biosensing in aqueous environments, the 
biomolecule-induced hydration dynamics can also be monitored by THz 
absorption spectroscopy on the sub-picosecond time scale [3]. Conse
quently, with distinct water-sensitive properties, THz absorption spec
troscopy has been used to distinguish tumour cells from normal cells, 
identify bacterial species and viability and observe dehydration dy
namics in biological tissues based on hydration state differences [4,5]. 

However, aqueous molecules exhibit only a concentration- 
dependent increase or decrease in THz absorption with scarcely any 
characteristic spectroscopic features; the identification of aqueous 
molecules in the THz range cannot depend on their features that exist in 
the solid state because of the strong THz absorption by liquid water 
(~240 cm− 1 @ 1 THz) [1]. For instance, in aqueous glucose, the THz 
absorption induced by the collective intermolecular vibrations of the 
hydrogen bond water network far surpasses that of glucose, thus 
obscuring the clear absorption peak (@ 1.4 THz) belonging to solid-state 
glucose [6]. Moreover, overcoming the current limitation, in which the 
commonly transmitted THz signal is severely attenuated by aqueous 
environments, has been ongoing, involving many feasible proposed 
strategies, such as the use of THz attenuated total reflection (THz-ATR) 
[7], metamaterials [8], microfluidics [9] and optical clearing agents 
[10]. As listed in Table S1, these strategies can be divided into two 
categories: enhancing the interaction between THz waves and aqueous 
samples via evanescent waves (THz-ATR) and spoof surface plasmons 
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(metamaterials) and weakening the attenuation of aqueous samples by 
reducing the test volume (microfluidics) and replacing highly absorptive 
water molecules (optical clearing agents). Although the detection 
selectivity of THz spectroscopy, recognizing different aqueous bio
molecules, has been partly promoted by antibody-antigen [11] or 
aptamer-target binding reactions [12] and conjugated avidin-AuNPs 
[13], this technique is still in its infancy and has difficulty satisfying 
the clinical requirements. 

A smart hydrogel is a highly hydrophilic crosslinked polymer form
ing a three-dimensional (3D) network that can respond properly to 
adequate external stimuli, exhibiting intelligent swelling-shrinking 
behavior and hydration state variation [14]. Due to the high bio
recognition efficiency of the 3D network, the target-induced recognition 
event of a smart hydrogel can be transformed into detectable signals, 
which has the advantages of a large surface-area-to-volume ratio, high 
biocompatibility, functional versatility and mechanical stability. To 
date, various smart hydrogels have been designed to detect small mol
ecules [15], proteins [16], nucleic acids [17] and even viruses [18]. In 
particular, based on the increasing number of hydrophilic species in the 
hydrogel network caused by reversible ester binding reactions between 
boronic acid and diol groups, smart hydrogels decorated with 3-acryla
midophenylboronic acid (AAPBA) could reversibly bind to saccharides, 
including glucose and polyols, and usually experience profound hydra
tion state changes. Smart hydrogels bearing AAPBA are also called 
“glucose-responsive” smart hydrogels. Hence, considering the 
target-responsive hydration state shift of a smart hydrogel and the 
strong water absorption in the THz range, speculating that integrating 
THz spectroscopy with a smart hydrogel may generate the unique 
advantage of selectively detecting aqueous glucose is reasonable. More 
importantly, different from the above methods that rarely use or even 
remove water molecules, this assumption treats water molecules as 
sensing indicators, thus possibly providing a novel THz 
molecule-selective sensing strategy for aqueous environments. 

Inspired by previous studies, we developed a strategy in which we 
first attempt to introduce a smart hydrogel into a THz-ATR device for the 
selective and label-free detection of aqueous glucose. The smart 
hydrogel sheet was made through an ultraviolet (UV) gel curing process 
in a homemade mould, and the mass fraction of AAPBA was optimized 
by a weighing method. Then, the THz absorption spectra of smart 
hydrogels, achieving swelling equilibrium in aqueous glucose of various 
concentrations, were obtained and compared with that of separate 
aqueous glucose, preliminarily demonstrating the superiority of this 
joint method. Moreover, we used the weighing method and two- 
component model to analyze the origin of the THz absorption differ
ence of the reacted smart hydrogel. Finally, the sensing performance of 
the proposed method was also investigated, showing promising poten
tial for clinical applications. 

2. Material and methods 

2.1. Materials 

Glucose-responsive smart hydrogels were prepared using 2-hydrox
yethyl methacrylate (HEMA) as the main-chain monomer, ethylene 
glycol dimethacrylate (EGDM) as the crosslinker, 2,2-dimethoxy-2-phe
nylacetophenone (DMPA) as the photoinitiator and AAPBA as the 
recognized element. The buffer solution was made by mixing 2-(cyclo
hexylamino)ethanesulfonic acid (CHES, Solarbio Science & Technology 
Co., Ltd., China) and sodium chloride. Through monitoring with a pH 
meter (FiveGo F2, Mettler-Toledo International Inc., USA), the pH was 
adjusted to 9.0 and 7.4 with 1 M sodium hydroxide solution. Then, this 
solution was used to prepare glucose, fructose, galactose and sodium 
lactate solutions of different concentrations. To mimic real sample 
analysis, bovine serum albumin (BSA) with a final concentration of 3 g/L 
was added into different aqueous glucose solutions (20 mg/dL, 80 mg/ 
dL and 200 mg/dL). All reagents were obtained from Sigma-Aldrich 

unless otherwise noted, and all solutions were made from ultrapure 
water (Milli-Q, Millipore, 18.2 MΩ.cm resistivity). 

2.2. Synthesis of smart hydrogel sheets 

The precursor solution was prepared by dissolving AAPBA (45 mg), 
DMPA (18 mg) and EGDM (7 mg) in HEMA (430 mg) and then mixing 
them in a microcentrifuge tube after it was wrapped by aluminium foil, 
similar to previous research [19]. Then, the mixture after being shaken 
vigorously was added into a Teflon mould and irradiated under a UV 
lamp (λ = 365 nm) for 15 min. Therewith, it was incubated in CHES 
buffer overnight to remove the unpolymerized monomers and gently 
peeled from the Teflon mould by tweezers, and swelling equilibrium was 
then realized by replacing the buffer solution every 6 h. 

2.3. Weighing measurement of the reacted smart hydrogel 

To evaluate the swelling ratio of the smart hydrogel in aqueous 
glucose of different concentrations, we first investigated the reaction 
kinetics of the smart hydrogel and found that the absorption coefficients 
were saturated 28 h after the reaction began (SI, Fig. S1). Then, the 
hydrogel was incubated in the corresponding aqueous glucose with 
replacement every 6 h for two days until completely reaching the 
swelling equilibrium. The remaining buffer droplets on the hydrogel 
sheet were completely removed by dust-free paper (Kimberly-Clark 
Worldwide, Inc., USA), and its weight was quickly obtained by an 
analytical balance (XB124, Precisa, Switzerland). Subsequently, the 
normalized signal variation ΔS of the weight or THz absorption coeffi
cient of the smart hydrogel was calculated using Eq. (1): 

ΔS= |
Sc − S0

S0
|, (1)  

where S0 and Sc refer to the measured weight or THz absorption coef
ficient values after swelling equilibrium in the CHES buffer and the 
corresponding aqueous glucose, respectively. 

2.4. THz measurement of the glucose pellet and smart hydrogel 

Glucose pellets were made by glucose powder to prepare the 0.80 
mm-thick pellets compressed by a pressure of 10 MPa for 2 min. The THz 
spectra of glucose pellets were measured by a THz time-domain spec
troscopy system in transmission mode (TAS 7500SP, Advantest Co., 
Japan). The THz response of the reacted smart hydrogel was obtained in 
ATR mode. Based on previous studies [20] and calculation results (SI, 
Fig. S2), the penetration depth (approximately tens of micrometres @ 
0.4–2.0 THz) of the evanescent waves was much smaller than the 
thickness of the smart hydrogel sheet (approximately 1 mm), so we can 
use the “prism-hydrogel” model to obtain the THz absorption coefficient 
of the smart hydrogel [21]. Specifically, we calculated Fresnel’s reflec
tion coefficient (̃r12) of the prism-hydrogel interface by the reflectance 
(R̃) and phase spectrum (ϕ̃), which were obtained from the THz 
time-domain spectrum after Fourier transform, as shown in Eqs. (2) and 
(3): 

R̃= |
r̃12

rREF
|
2 (2)  

ϕ̃=Arg[
r̃12

rREF
] (3)  

where rREF refers to the reflection coefficient of the prism-air interface 
(reference signal). r̃12 can also be calculated as a function of the THz 
wave incident angle (θ) and the complex permittivities of the ATR prism 
(ε1) and hydrogel (ε̃2). The complex permittivity of the hydrogel sheet 
can be obtained with determination of other parameters, as shown in Eq. 
(4): 
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r̃12 =

̅̅̅̅̅ε1
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − (ε1

ε̃2
)sin 2 θ

√
−

̅̅̅̅̅
ε̃2

√
cos θ

̅̅̅̅̅ε1
√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

1 − (ε1

ε̃2
)sin 2 θ

√
+

̅̅̅̅̅
ε̃2

√
cos θ

(4) 

The relationship between the extinction coefficient (κ) and refractive 
index (n) of the hydrogel and the imaginary part (ε’’) and real part (ε’) of 
the complex permittivity (ε̃2 ) of the hydrogel are given by Eqs. (5) and 
(6): 

ε′

= n2 − κ2 (5)  

ε’’= 2nκ (6) 

Then, the absorption coefficient (α) of the hydrogel can be calculated 
according to the extinction coefficient, angular frequency (ω) and speed 
of light (c) as in Eq. (7). 

α=
2ωκ

c
(7) 

The reacted smart hydrogel sheet was quickly weighed by an elec
tronic balance and then measured by a THz-ATR device, in which the 
sheet was pressed closely onto the surface of the THz-ATR prism with 
uniform and appropriate pressure by a pressure clamp. The bare prism 
was used as the reference signal. All the above measurements were 
carried out three times under an ambient temperature of 26 ± 0.5 ◦C and 
a humidity of less than 5%. 

3. Results and discussion 

3.1. Principle of the proposed method 

For sensing aqueous biological samples in the THz range, we intro
duce the smart hydrogel as a sensing medium whose hydration state is 
highly sensitive to shifts in aqueous glucose. A scheme of the working 
components of the sensing device is shown in Fig. 1a, which consists of a 
THz-ATR prism and a glucose-responsive smart hydrogel. In the THz- 
ATR device, the incident THz wave is propelled to the upper interface 
of the THz-ATR prism and then generates evanescent waves that pene
trate the sample attached to the surface of the prism and distribute up to 
tens of micrometres thick. Due to this strong interaction between the 
evanescent waves and sample, the output THz wave contained the 
permittivity parameters of the sample; thus, the complex permittivity of 
attached samples can be obtained with the above “prism-hydrogel” 
model [22]. Namely, compared with transmission or reflection mode, 
THz-ATR spectroscopy is very suitable for highly absorptive samples 
regardless of their morphology or volume and has been used to char
acterize various aqueous samples, such as aqueous protein, living cell 
monolayers, and microorganisms, and it may be especially suitable for 
evaluating the hydration state of smart hydrogels [7]. 

As a common recognition moiety decorated on the glucose- 
responsive smart hydrogel, AAPBA can be divided into two distinct 

Fig. 1. (a) Schematic of THz-ATR spectroscopy integrated with a smart hydrogel. (b) Chemical structures of the precursor and the synthesis and reaction processes of 
the p(HEMA-EGDM-AAPBA) smart hydrogel. 
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forms at equilibrium in aqueous solutions: the neutral form (relatively 
hydrophobic) and charged form (relatively hydrophilic) [23]. The 
charged form can reversibly bind to aqueous glucose molecules with 
strong affinity to form a more stable charged 1:1 complex, leading to 
augmentation of the Donnan potential and hydrophilic substances in the 
polymerized hydrogel network (Fig. 1b), thus altering the volume and 
hydration state of the smart hydrogel. Since the formation and breaking 
of the hydrogen bond network of bulk water molecules occur on the 
picosecond time scale, THz absorption spectroscopy directly probes the 
tiny variations in the collective hydrogen bond network dynamics of the 
polymer and thereby assesses its hydration state change [3]. Specif
ically, the THz absorption would rise with increasing hydration state, 
according to previous study [24]. As a result, the hydration shift of the 
smart hydrogel induced by glucose may bring about remarkable changes 
in THz absorption, which could be used for molecule-selective sensing in 
aqueous environments. 

3.2. Feasibility of the proposed strategy 

As expected, more AAPBA molecules could bring about a more 
profound hydration state change of the smart hydrogel, while the sol
ubility of AAPBA should also be considered [25]. We determined the 
optimal mass fraction of AAPBA in the precursor solution to be 9 wt% 
(SI, Fig. S3a and S3b), with which the hydrogel possesses an appropriate 
uniformity and a better glucose responsiveness. The reaction tempera
ture and pH were also investigated (SI, Fig. S3c), which demonstrated 
that the smart hydrogel would experience more profound signal change 

at room temperature (~26 ◦C) and pH 9.0. Then, THz-ATR absorption 
spectroscopy was utilized to acquire the absorption changes corre
sponding to variations in the hydration state of the smart hydrogel 
caused by aqueous glucose under the optimized condition. As shown in 
Fig. 2a, aqueous glucose loses its characteristic spectroscopic feature at 
1.44 THz that exists in its solid state (red dotted line), only exhibiting a 
flat and featureless curve similar to that of other aqueous molecules. 
With regard to the smart hydrogel, its measured absorption coefficient is 
lower than that of aqueous glucose. Interestingly, the smart hydrogel 
demonstrates a significantly increased absorption intensity after incu
bation in a physiological concentration (80 mg/dL) of aqueous glucose, 
while a change in the aqueous glucose concentration (0 mg/dL versus 
80 mg/dL) has no effect on the THz absorption curve. 

Fig. 2b and c further validates the concentration dependence of the 
THz absorption curves of the smart hydrogel and the corresponding 
aqueous glucose. The absorption coefficient of the smart hydrogel 
gradually increases with increasing THz frequency and displays an 
increasing trend with significant differences when incubated in aqueous 
glucose of various concentrations (0, 20, 40, 80, 100, 200, and 300 mg/ 
dL). The normalized variation in the absorption coefficients (@ 1 THz) 
of the reacted smart hydrogel is calculated by Eq. (1). Clearly, the 
normalized signal variation for the smart hydrogel (red solid line) in
creases as the aqueous glucose concentration increases (Fig. 2d) in 
contrast to the slightly normalized signal variation observed for aqueous 
glucose (black solid line), whose error bars partially overlap in the THz 
absorption curve. The proposed sensing method, integrating a THz-ATR 
device with a target-responsive smart hydrogel, seems feasible for the 

Fig. 2. (a) Comparison of the absorption spectra of the glucose pellet, aqueous glucose (0 mg/dL versus 80 mg/dL) and smart hydrogels before and after reaching 
swelling equilibrium in aqueous glucose (80 mg/dL). Red arrow points to the unique THz absorption peak of the glucose pellet at 1.44 THz, which disappears in 
aqueous glucose. (b) Absorption spectra of CHES buffer and smart hydrogels after reaching swelling equilibrium in aqueous glucose with different concentrations. (c) 
Absorption spectra of aqueous glucose with different concentrations. (d) Comparison of the normalized variations in the absorption coefficient of the smart hydrogel 
after reaching swelling equilibrium in different aqueous glucose solutions and of separate aqueous glucose at 1 THz. Error bars indicate the standard deviation (N =
3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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selective detection of aqueous samples. 
The phenomenon that the THz absorption curve of the reacted smart 

hydrogel gradually approaches that of the CHES buffer as the aqueous 
glucose concentration increases suggests that the smart hydrogel may 
experience significant hydration state changes, which is also verified by 
the significant weight variation during the optimization of the precursor 
solution. In contrast, the THz absorption curves for various aqueous 
glucose solutions are indistinguishable, except for the slight decrease for 
the 300 mg/dL aqueous glucose, which may stem from the effects of 
water replacement. Furthermore, for the 200 mg/dL concentration, the 
normalized absorption variation of the smart hydrogel (~36.08%) is 
approximately 50 times that of the separate aqueous glucose (~0.72%), 
exhibiting a much better signal enhancement effect. This effect comes 
from the unique enrichment of glucose molecules by the smart hydrogel 
through selective PBA-diol binding reactions, which generate corre
sponding hydration state changes in the hydrogel network. However, 
the 300 mg/dL concentration, the maximum concentration in the 
measurement, refers to a mass fraction of 0.3% for glucose molecules in 
aqueous environments; thus only a slight “THz defect” or “THz excess” 
effect may occur, which results in the partially overlapping THz ab
sorption curves obtained by the individual THz-ATR device. Therefore, 
benefiting from the target-responsive smart hydrogel, the THz-ATR de
vice can clearly identify the signal variance of aqueous glucose within 
the physiological concentration range, which has hardly been achieved 
before. 

3.3. Origins of the hydrogel absorption variation 

The weighing method was carried out to further investigate the 
origin of the difference in the THz absorption curve of the reacted smart 
hydrogel [26]. Utilizing this widely used method, the hydration state 
change of the smart hydrogel could be calculated by comparing the 
weight before and after swelling in aqueous glucose. Given that the 
apparent binding equilibrium constant between phenylboronic acid and 
glucose was estimated to be 12.5 M-1 and the mass fraction of AAPBA in 
the precursor solution was only 9% [27], the normalized weight change 
of the swollen smart hydrogel sheet at a concentration of 300 mg/dL 
(~16.67 mM) is mainly derived from additional water rather than from 
bound glucose. Accordingly, the normalized weight variation of the 
smart hydrogel well matches its normalized absorption variation as the 
glucose concentration increases, and their linear correlation is strong 
(R2 = 0.99443), as shown in Fig. 3a. 

Moreover, a useful two-component model, αprediction = α0 × W0
Wc

+

αCHES × (Wc − W0
Wc

), was proposed to analyze the contribution of the hy
dration state change [28], where W0 and Wc are the weights of the smart 
hydrogel before and after swelling, and αo, αprediction and αCHES are the 
initial and predicted absorption coefficients of the swollen smart 
hydrogel and that of the CHES buffer, respectively. This model is based 
on the assumption that the augmentation of the hydration state of the 
reacted smart hydrogel mainly results in a corresponding change in its 
absorption coefficient. As illustrated in Fig. 3b, the predicted and 
measured curves of the smart hydrogel after incubation are almost the 
same, especially in the frequency range of 0.8 THz to 2.0 THz. These 
trends, that a hydration state change brings about a profound absorption 
variation, are in good agreement with previous study [24]. Namely, the 
increasing hydration state and the relatively high difference in the ab
sorption coefficients of the initial smart hydrogel and water could yield a 
much more pronounced variation in the measured THz absorption 
spectra. Therefore, we deem that the absorption changes of the reacted 
smart hydrogel indeed originate from the shift of its hydration state 
response to aqueous glucose. This further supports the rationality of the 
proposed design and provides a basic principle for the selective detec
tion of aqueous targets by THz absorption spectroscopy. Additionally, 
this THz-based method, complementary to other characterization tech
niques, directly probes the complete details of hydration dynamics 
changes in the smart hydrogel network in a label-free manner. 

3.4. Sensing performance of the proposed strategy 

The sensing performance of this proposed analytical device was 
evaluated, including the sensitivity, selectivity, reusability and stability. 
Fig. 4a shows that within the glucose concentration range (0–200 mg/ 
dL), with a clinical diagnostic value, the absorption coefficient of the 
smart hydrogel gradually saturates with increasing glucose concentra
tion. The analytical device presents a linear response for a glucose 
concentration range of 0–200 mg/dL with correlation coefficient R2 =

0.96108, and the limit of detection is 17.72 mg/dL (Signal to noise ratio 
of 3), which is basically identical to that in reported study [29]. Given 
the complexity of the biological sample composition, the molecules 
bearing cis-diols and α-hydroxy acids and other polyols (free glycerol, 
catecholamine, etc.) would interact with AAPBA in the same way as 
glucose. To explore the selectivity of the smart hydrogel to common 
interferents in human blood, fructose, galactose, and lactate were 
selected due to their relatively high physiological concentration. The 
calculation of the degree of interference (DI) from interfering substances 
referred to the formula DI = αI − α80

α80 − α0
, where α0,αI ​ and ​ α80 represent the 

Fig. 3. (a) Normalized variation in the absorption coefficient at 1 THz and weight of the smart hydrogel in aqueous glucose with different concentrations and their 
fitting results. (Inset) Fitting result of the normalized change of the weight and absorption coefficient at 1 THz of the smart hydrogel. (b) Comparison between the 
predicted absorption curves (red dotted line) of the smart hydrogel at 100 mg/dL aqueous glucose based on the two-component model and the measured absorption 
curves of CHES buffer (blue solid line) and the smart hydrogel at 0 mg/dL (black solid line) and 100 mg/dL (red solid line) aqueous glucose. Error bars indicate the 
standard deviation (N = 3). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

J. Zhou et al.                                                                                                                                                                                                                                    



Talanta 228 (2021) 122213

6

absorption coefficient of the hydrogel after incubation in CHES buffer 
and in aqueous glucose (80 mg/dL) with or without interferents, 
respectively. As shown in Fig. 4b, no significant difference is observed in 
the absorption coefficient of the smart hydrogel after incubation in the 
separate aqueous glucose, and aqueous glucose solutions containing 
galactose (2 mg/dL), fructose (2 mg/dL) and lactic acid (12 mg/dL), 
respectively. The DIs are less than 5% (1.9%, 4.5%, and 4.9%). As with 
the literature precedent [27], although the affinity of fructose, galactose 
and lactic acid to AAPBA is higher than that of glucose, the proposed 

strategy was considered appropriately selective for aqueous glucose 
measurement since the primary interferents in human blood are present 
at much lower concentrations than glucose [30]. Furthermore, the 
interference of proteins in real sample analysis cannot be neglected. 
Recovery assays were utilized to investigate this interference by using 
the artificial real sample made of 3 g/L BSA and aqueous glucose at 
various concentrations. As shown in Fig. 4c, the absorption coefficients 
of the reacted smart hydrogel demonstrated no significant difference (P 
> 0.05) after incubation in pure aqueous glucose solutions and artificial 

Fig. 4. (a) Sensitivity evaluation of the THz-ATR platform integrated with a smart hydrogel for the detection of aqueous glucose. (Inset) Fitting result between the 
absorption coefficient of the smart hydrogel in aqueous glucose with different concentrations after reaching swelling equilibrium and the corresponding aqueous 
glucose concentration. (b) Interference evaluation, from left to right: 80 mg/dL aqueous glucose, 80 mg/dL aqueous glucose containing 2 mg/dL galactose, 80 mg/dL 
aqueous glucose containing 12 mg/dL lactic acid and 80 mg/dL aqueous glucose containing 2 mg/dL fructose. (c) Artificial real sample assay (pure aqueous glucose 
solutions containing 3 g/L BSA). N.S. represents no significant difference. (d) Reusability evaluation, continuous measurement of the absorption coefficient of the 
smart hydrogel after repeatedly reaching swelling equilibrium in 80 mg/dL and 100 mg/dL aqueous glucose. (e) Normalized change of the weight and absorption 
coefficient of the smart hydrogel in the CHES buffer at different times. The absorption coefficients in the Y-axis represent their values at 1 THz. Error bars indicate the 
standard deviation (N = 3). 
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real samples. The recovery of glucose (ranging from 93.11% to 
109.02%), with a relative standard deviation less than 5% (0.85%– 
1.71%), is listed in Table 1. This favourable ability of anti-protein 
interference was due to the hydroxyl groups and molecular sieve ef
fect of the smart hydrogel network that could prevent protein absorp
tion, which further proved that this strategy may have the potential to be 
applied for the quantitative detection of glucose in clinical samples. 

Furthermore, the reusability of the smart hydrogel was investigated 
by recording the response process. The smart hydrogel displays little 
absorption drift or hysteresis when undergoing the repeated reaction 
process between aqueous glucose concentrations of 80 mg/dL and 100 
mg/dL in 5 complete cycles (shown in Fig. 4d). The relative standard 
deviations are 0.62% and 0.79%. This proves that the smart hydrogel 
has highly reversible swelling-shrinking behavior and long-term stabil
ity of the readout signal responsiveness. In comparison to the drawbacks 
of the common glucose oxidase-based method, i.e., large signal drifts 
over time and immunological rejection [23], smart hydrogels reveal a 
more applicable sensing strategy with good biocompatibility and reus
ability for detecting aqueous targets in a real-time and label-free 
manner. Finally, we investigated the stability of the smart hydrogel. 
Fig. 4e shows that the weight and absorption coefficient of the hydrogel 
incubated in the CHES buffer did not change significantly during the 
observation period up to 10 days. This result emphasizes the satisfactory 
stability profiting from the fully chemically synthesized system and 
further confirms that the cause of the absorption variation is indeed the 
glucose-induced hydration state shift. Meaningfully, it also confirms the 
saturated swelling degree of the smart hydrogel under test despite the 
long swelling time. 

The strong absorption of liquid water in the THz range will obscure 
any distinct biomolecular absorption peaks in the aqueous state, thus 
limiting numerous developed THz fingerprint-based selective sensing 
methods [9]. Benefiting from the unique hydration-state-change prop
erty of the target-responsive smart hydrogel, the proposed method can 
solve this problem, successfully transforming the selective detection of 
aqueous targets into a sensitive evaluation of hydration state changes by 
THz-ATR spectroscopy. That is, this method makes the best use of the 
advantages of THz-ATR spectroscopy and bypasses its disadvantages. 
Additionally, it seems to be versatile for multiple targets through the 
introduction of recognition elements such as aptamers or antibodies into 
the smart hydrogel network, which would be a valuable future research 
topic. Different from the reported methods that rely on sample exsic
cation and optical cleaning agents to eliminate strong water absorption 
and improve the detection specificity, the proposed design could realize 
real aqueous sensing in the THz range without any unnecessary damage 
to the samples. In particular, the label-free and enzyme-free manner of 
this method provides the possibility of significantly reducing the oper
ating environment dependence and test cost, revealing a competitive 
advantage in point-of-care applications. 

The thickness of the smart hydrogel (approximately 1 mm) certainly 
exceeds the penetration depth of the evanescent waves, thus guaran
teeing the reliability of the calculation model. Nonetheless, it greatly 
prolongs the swelling time of the smart hydrogel in aqueous glucose. The 
swelling time of the smart hydrogel is mainly affected by its crosslink 
density and thickness, the glucose concentration and the reaction tem
perature [29,31]. In this case, the time to reach complete swelling 
equilibrium was estimated to be close to 2 days for 20 mg/dL aqueous 
glucose at room temperature. In general, thin and low-density hydrogels 
lead to an ultrafast glucose response. Therefore, an ultrathin smart 
hydrogel-functionalized THz metamaterial is expected to achieve the 
fast and highly sensitive detection of aqueous glucose in the future. 

In addition, since the binding of AAPBA to glucose is governed by the 
pKa of AAPBA and the pH of the solution, AAPBA shows high affinity to 
glucose molecules under the condition of pH ≥ its pKa. Therefore, this 
design is suitable for operation under high pH (e.g., pH = 9.0) condi
tions, but the performance at physiological pH is difficult to be satisfied. 
The sensor may be operated under physiological conditions and achieve 

high glucose selectivity by modifying the electron-withdrawing group 
on the aryl ring of phenylboronic acid (e.g., DDOPBA) or by introducing 
an electron-donating group (e.g., ATMA) into the smart hydrogel to 
decrease the pKa of phenylboronic acid [23]. Although the proposed 
strategy needs to be greatly improved, this state-of-the-art strategy is 
promising for the label-free, real-time and selective monitoring of 
aqueous biological samples in physiological environments, inspiring us 
to perfect the booming THz biosensing technology. 

4. Conclusions 

Aiming at the scarce selectivity of THz spectroscopy for aqueous 
biological sample detection, the proposed strategy complements the 
target-induced hydration state changes of a smart hydrogel with the 
strong water absorption in the THz range, whose feasibility was verified 
and explained by weighing and a two-component model. By integration 
of the smart hydrogel, the THz-ATR device could quantitatively and 
selectively detect aqueous glucose with moderate sensitivity, excellent 
reusability and ideal stability, which cannot be realized by separate THz 
spectroscopy. This sensing strategy offers the possibility to develop 
various smart hydrogel-functionalized THz sensing platforms by intro
ducing aptamers, antibodies and enzymes into the hydrogel network. 
Future studies will concentrate on investigating the distinct THz ab
sorption changes in the target-responsive “sol-gel” transition process of a 
DNA hydrogel and integrating this hydrogel into an ultrasensitive THz 
metamaterial for molecule-selective analysis in aqueous environments. 
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Table 1 
Actual and measured concentration of glucose in artificial real samples (n = 3).  

Added (mg/dL) Measured (mg/dL) RSD (%) Recovery (%) 

20 21.62 0.85 108.10 
80 87.22 1.71 109.02 
200 186.21 1.36 93.11 

RSD: Relative standard deviation. 
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