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Abstract: We presented a strategy for enhancing the sensitivity of terahertz glucose sensing with
a hydrogel platform pre-embedded with Au nanoparticles. Physiological-level glucose solutions
ranging from O to 0.8 mg/mL were measured and the extracted absorption coefficients can be
clearly distinguished compared to traditional terahertz time domain spectroscopy performed
directly on aqueous solutions. Further, Isotherm models were applied to successfully describe
the relationship between the absorption coefficient and the glucose concentration (R?=0.9977).
Finally, the origin of the sensitivity enhancement was investigated and verified to be the pH
change induced by the catalysis of Au nanoparticles to glucose oxidation.

© 2022 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

It has been reported that approximately 488 million people worldwide are suffering from diabetes
in 2019 [1]. For diabetic patients, constant monitoring is a necessity to maintain their glucose
level within a normal range. Currently, this has been realized with cost-efficient glucose
biosensors based on electrochemical approaches [2—4]. However, most commercially available
electrochemical biosensors use enzyme-modified electrodes which are lack of long-term stability
(such as more than one month) due to the inevitably degradation of enzymes. In consequence,
the development of a non-enzymatic technique for the reliable and sensitive detection of glucose
is urgently desirable. Nanostructured noble metals, as an alternative to enzymes, have been
successfully applied to the electrochemical sensing of glucose with a satisfactory limit of
detection (LOD) [5-7]. Among them, gold nano particles (AuNPs) stand out as a suitable catalyst
due to their ability to facilitate the glucose oxidation process without creating issues such as
protein adsorption or having toxic effect at physiological pH [8—10]. Moreover, Au possesses
glucose-oxidase-like (GOD) properties with high selective and sensitivity, and glucose detection
based on AuNPs have been fabricated for commercial products [11].

Typically, a drop of blood by pricking fingers is required for the above electrochemical
measurements which makes it painful for patients with a need of frequent blood sugar monitoring.
Mini invasive devices measuring interstitial glucose levels are designed and applied in commercial
products, however, real-time blood glucose monitoring can reflect the current condition of patients
more accurately [11]. In fact, non-contact, non-invasive and continuous glucose sensing is more
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easily realized with optical spectroscopic approaches at ultra-violet (UV) [12], visible, near-
infrared (NIR) as well as mid-infrared (MIR) frequencies [13,14], and with technologies including
Raman [15], fluorescence [16,17] and optical coherence tomography (OCT) [18]. However,
there are many challenges remained in the before-mentioned optical methods. For examples,
light in the MIR band suffers from a poor penetration depth through skin (only a few microns)
[19], making it not suitable for non-invasive in vivo measurements. Raman spectroscopy, with
excitation lasers operating at visible or NIR wavelengths, can induce background fluorescence in
tissue, which will decrease the signal to noise ratio (SNR) from Raman scattering [20]. Regarding
the fluorescence method, a labeling species is needed which can exhibit a photobleaching effect
resulting in short lifetimes of the sensors [21].

Apart from the above well-studied optical wavelengths, terahertz (THz) waves, located in a less
explored band in the electromagnetic (EM) spectrum, has received heated research discussions in
the recent few decades. The term “terahertz” typically refers to EM waves in the 3.3-330 cm™!
(30-3000 um) range. The photon energy at 1 THz is approximately 4.13 meV. Therefore, it is
non-ionizing and featured with low-energy vibrational modes associated with weak intermolecular
interactions such as hydrogen bonds. Compared to optical bands with much shorter wavelengths,
the mechanism of interactions with biological tissues in the terahertz band is mainly absorption
rather than scattering. The penetration depth in tissue of a nano-watt terahertz pulsed system
with a 90 dB SNR can be hundreds of microns [22,23], making it a potential candidate for
non-invasive, continuous, and subcutaneous/implantable glucose sensing. Furthermore, terahertz
wave is not only a non-contact biosensing method, but also a carrier band for future-generation
communication systems. Exploration of biosensing at terahertz frequencies will pave the way for
future wireless communication/sensing integrated devices. Several attempts have been made to
measure glucose in aqueous solutions with terahertz waves, but the sensitivity has not reached
physiological levels yet, because of the large absorption by the hydrogen-bonded network of
water. The sensitivity can be improved with metamaterials functioning at terahertz frequencies
[24,25], but the fabrication process is tedious, and the supporting substrate limit their flexibility to
be used in implantable devices. Recently, Zhou et al. have reported using hydrogel as a container
for aqueous solutions [26]. They introduced the boronic acid when preparing the hydrogel to
increase the selectivity for glucose. Their proposed methods can probe the aqueous glucose with
a concentration of 0.2 mg/mL, thus providing a platform for various aqueous solutions probed by
THz spectroscopy.

Here, we propose a strategy for terahertz glucose sensing with enhanced sensitivities using
a hydrogel platform which is pre-embedded with AuNPs. The AuNPs function as catalysts to
facilitate the oxidation of glucose to gluconic acid. When the glucose molecules are oxidized,
the resulting pH change is correlated with the glucose concentration which can be picked up by
terahertz waves [27,28]. Further, the hydrogel platform can largely prohibit the THz absorption
caused by bulk water. Compared with the measurements directly performed on glucose aqueous
solutions, the sensitivity of terahertz absorption measurements can be therefore greatly enhanced.
Moreover, nano-diamonds (NDs) were used as a supporting material for AuNPs that have been
synthesized following our previous work [29], as NDs can provide large adsorption sites for
glucose leading to preconcentrated glucose on ND surface [30].

In this work, we first investigated the sensitivity enhancement effect of the proposed sensing
strategy, and then correlated the THz absorption coefficient with the concentration of glucose
solutions using isotherm models. Finally, we verified the origin of the sensitivity enhancement
induced by pH change of the system. Overall, this work describes a promising approach for the
non-enzymatic, non-labeling, continuous detection of glucose based on THz spectroscopy.
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2. Experimental

2.1. Sample fabrication and characterization
2.1.1. Chemicals

Nano-diamonds (>87%), silver nitrate (>99.0%), a-D-glucose (96%), sodium borohydride,
and gold(IIT) chloride trihydrate were purchased from Aladdin (Shanghai, China). Sodium
hydroxide (95%), acrylamide (AM), methylene-Bis-Acrylamide (BIS), ammonium persulphate
(APS), phosphate buffered saline (PBS, 10 mmol/L, pH 8.0), phosphate buffered saline (PBS, 0.2
M, pH 7.4), glucose oxidase and ethanol (99%) were obtained from Macklin Reagent Co., Ltd.
(Shanghai, China). Nitride acid (con.) was obtained from Fisher (Guangzhou, China zeyuan).
All chemicals were of analytical grade and used without further purification.

2.1.2. Fabrication of the hydrogel with Au encapsulated inside

The functionalization of ND @ Au was carried out following an intermatrix synthesis approach
reported in our previous work [29]. ND @ Au hydrogels were prepared following the literature
with some modifications [31]. Firstly, three stock solutions were prepared by mixing 0.43 g of
AM, 0.0204 g of BIS, and 0.25 g of APS in a 1.5 mL centrifuge tube. They were then dissolved
in 1 mL of PBS solution (10 mM, pH 8.0) to a final concentration of 6.1 mol/L, 0.13 mol/L, and
1.1 mol/L for AM, BIS and APS, respectively. 250 mL of AM stock solution and 50 mL of BIS
stock solution were first mixed in a vortex oscillator for 2 min, followed by the addition of 1.0 mg
of Au and 50 mL of APS stock solution for another 2 min. After that, 15 uL of the mixed solution
was dropped in the square mold with a dimension of 0.5 cmx0.5 cmx0.25 mm. The samples
were later covered with coverslips and transferred to the oven at 60 °C for 30 min. APS was used
as a cross linker to initiate the reaction. Finally, the synthesized hydrogels were removed from
the mold by tweezers and kept in a sealed microcentrifuge tube for further study.

2.1.3. Material characterization

The morphology, structure, and physicochemical characteristics of NDs and ND@ Au were
characterized after fabrication. The particle powders were dissolved in ethanol (99%) in a 1.5
mL centrifuge tube and ultrasonicated for 5 min. After that, the dispersed solution was dropped
onto a copper screen for further study. Transmission electron microscopy (TEM) (FEI Titan
Cubed Themis G2 300, Holland), Scanning electron microscopy (SEM) (FEI Scios DualBeam
FIB/SEM) were performed at Shenzhen University.

2.2. Apparatus and principles
2.2.1. Terahertz measurements

The THz measurements were carried out using a commercial terahertz time-domain spectroscopy
(THz-TDS) system, TeraPulse 4000 (TeraView Ltd., Cambridge, UK), in transmission geometry.
The details of the system can be found elsewhere [32]. The samples were measured in a chamber
which was purged with high purity Nitrogen gas to remove the water vapor lines in the spectra.
All the measurements were performed at 21°C (+1°C) with a relative humidity below 4%.

Figure 1 shows the protocol for THz-TDS measurements. A demountable liquid cell (PIKE
Technologies Inc., USA) was used as a sample holder for the hydrogel measurements. The
hydrogel samples were sandwiched between a pair of polyethylene windows with a 100 um Teflon
spacer. A separate measurement was made without the hydrogel and the spacer as a reference.
Each sample was averaged from 300 waveforms. The absorption coefficient of the samples can
then be extracted with the equations described in [33,34].

In this study, six hydrogels containing 1.0 mg of ND@ Au nanoparticles were synthesized.
10 pu L of glucose solution with concentrations ranging from 0 to 0.8 mg/mL were dropped
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Fig. 1. Schematic drawing demonstrating the protocol for THz-TDS transmission measure-
ment.

into each of the six freshly prepared AuNP hydrogels. Terahertz measurements of the hydrogel
samples were performed after 30 min to make sure that all the glucose solutions have been
completely absorbed by the hydrogels and allow enough reaction time for the glucose molecules
to be fully oxidized to gluconic acid. For comparison, measurements are also performed directly
on glucose solutions with the same concentrations with the same measurement setup. To validate
the proposed absorption enhancement mechanism (pH change) of our sensing platform, we also
prepared ND @ Au solutions mixed with different concentrations of glucose. The pH values of
the solutions were measured by a pH meter (Leici PHS-25, Shanghai) at reaction times of 0, 1
min and 30 min.

2.2.2. Absorption coefficient of the hydrogel and the adsorption isotherm models

Soaked with the glucose solution, the hydrogel sensing platform can be considered as a composite
material whose absorption coefficient @,y follows a simple mixing rule as Eq. (1), where q; is
the THz absorption coefficient and ¢; is the volume fraction of i component:

Aefp = ia’ﬁﬁi (1)
=1

Glucose molecules in the solution will diffuse into the hydrogel and be adsorbed onto the
surface of Au nanoparticles. Sequentially, glucose oxidation catalyzed by AuNPs will take place
following a two-step reaction: glucose is oxidized to gluconic acid after dehydrogenation, while
O, can be reduced to H,O, by two electrons, as shown in Eq. (2).

Catalyst

CeH1206(s) + O2(g) + H0(l) —> CeH1207(1) + H204(0). 2)

After 30 minutes, the system consisting of the nanoparticle-embedded hydrogel and the glucose
solution will have reached an equilibrium. Considering that an equal amount of gluconic acid and
H, 0, will be produced in this process, the absorption coefficient of the system can be expressed
with Eq. (3):

VH202

VH,0,
Qo = g - (1 = pga — .

$ca 3)
VGA

“¢Ga) + aga - pGa + @m0,

where @, aga, and ap,0, are the absorption coefficient of the hydrated hydrogel, gluconic acid,
and H,O», respectively; ¢4 is the volume fraction of the gluconic acid; vga=111.2 cm?/mol and
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VH,0,=23.5 cm?/mol are the molar volumes of gluconic acid and H,O;, respectively [35]. In
the terahertz frequency range, @ga and ay,0, are both much smaller than the «q of the hydrated
hydrogel. Therefore, @, can be further simplified as Eq. (4):

VH,0,

) dGA- 4

Qe =ap—ap-(1+
VGA
As the glucose oxidation only happens for glucose molecules adsorbed on the surface of Au
nanoparticles, ¢g, is equal to ¢, which represents the volume fraction of glucose molecules
adsorbed onto Au nanoparticles. To account for the change of the THz absorption coefficient
with the glucose concentration, Aa,y is defined with Eq. (5):

VH,0,

A(Ygﬁ' = Qof — Q@ = —Qp - (1 +

) - dg- (%)
VGA

Under a stable temperature, the thermodynamic system formed by the hydrogel and glucose
solutions can be described with isotherm models, such as the Langmuir and Freundlich models.
The former assumes that the uptake of glucose molecules occurs on homogeneous surfaces by
a monolayer deposition, while the latter describes the equilibrium process on heterogeneous
surfaces. The relationship between the fraction of the adsorbed glucose ¢, and the concentration
of glucose in the solution C, for the two models can be found in Eq. (6) and (7) [36,37]. In these
equations, K, is the Langmuir constant and ¢, denotes the maximum adsorption capacity,
while Kr and n are the Freundlich constants:

= KL ©)
9s = bgmax 1 K.C,
¢¢ = KrCy. @)

Finally, the concentration dependent change of the effective absorption coefficient for the
equilibrium system can be modelled by substituting Eq. (6) or (7) into Eq. (5) for Langmuir and
Freundlich models, respectively.

3. Results and discussions

3.1. Characterization of ND@Au

The structures of ND@ Au were further investigated by TEM, as shown in Fig. 2(a)-(c). As can
be seen from Fig. 2(a), EDS mapping of ND@ Au confirms the presence of Au attached to the
NDs. Furthermore, AuNPs are evenly distributed on the surface of ND, although aggregated as
indicated by the red circle in Fig. 2(b), their average diameters are less than 50 nm. Moreover, the
magnified TEM images in Fig. 2(c) showed that the diameters of the AuNPs were approximately
10 nm. Characterization of the ND@ Au in hydrogels was performed by SEM as shown in
Fig. 2(d) and the result clearly shows that the ND@ Au particles are agglomerated to a primary
size of around 200 nm, but they are evenly distributed in the hydrogels which is beneficial for the
oxidization of glucose. The swelling rate (S) were checked to determine the water adsorption
time by hydrogel, the hydrogel can reach adsorption saturation in 30 min. Thus, 30 min was
chosen as the reaction time [38].

3.2.  Glucose detection with terahertz waves on the hydrogel platform

First, glucose solutions (0-0.8 mg/mL) were directly measured in a liquid cell with a thickness of
100 um. The absorption coefficients of the solutions are shown in Fig. 3(a), in which each curve
is an average of three separate measurements. Subsequently, glucose solutions with the same
concentrations were measured using our AuNP-embedded hydrogel platform. For each hydrogel,
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Fig. 2. (a) The EDS mapping image of ND@Au; (b) and (c) are the TEM images of
ND@Au taken at different magnifications; (d) is the SEM image of ND@ Au.

10 pL of the glucose solution was dropped onto the platform and allowed for 30 min reaction
time. The frequency-dependent absorption coefficients of the samples are shown in Fig. 3(b).
The absorption coefficient possesses a monotonic increasing trend with frequency over 0.2 to 1.5
THz for both sets of measurements in Fig. 3(a) and (b), which is mainly caused by the water
content. Compared with the measurements directly performed on liquid solutions, the absorption
coefficients measured with the hydrogel platform are clearly distinguished for different glucose
concentrations. Considering that the normal physiological blood sugar level is between 0.7 to 1
mg/mL, this result demonstrates that our ND @ Au-embedded hydrogel platform is promising for
measuring glucose concentration at physiological level.
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Fig. 3. (a) Broadband terahertz absorption coefficients measured in (a) different glucose
solutions (0, 0.1, 0.2, 0.5, 0.8 mg/mL); (b) measured in the hydrogel platform with different
glucose solutions.

The concentration-dependent change of THz absorption coefficients for the hydrogel samples
averaged over 0.2 to 1.5 THz are plotted in Fig. 4. A nonlinear relationship can be clearly
observed, which could be partly explained with adsorption dynamics. In an alkaline environment,
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AuNPs in the hydrogel mainly existed in the form of Au(OH),q4, in which (OH),q4 stands for
surface-adsorbed hydroxide species. Glucose molecules diffused into the hydrogel were first
adsorbed on the surface of AuNPs, and then quickly oxidized to gluconolactone by Au(OH)yq. As
can be seen from the red curves in Fig. 4, the measured THz absorption of the hydrogel platform
and the concentration of glucose can be well connected by the Langmuir-type of adsorption
isotherm with a R =0.9977, while the Freundlich model results in a R? of 0.9874. The fitted
parameters for both models are listed in Table 1. The glucose concentrations are fitted better
with the Langmuir model than Freundlich, indicating that the majority of glucose molecules
is adsorbed on homogeneous surface which corresponds well to the morphological features of
AuNPs and ND surfaces (see Fig. 2 TEM images of ND@ Au). The size of nanoparticle (both Au
and ND) is much larger than that of the glucose molecule, making it a relatively homogeneous
surface to the adsorption of glucose molecules. We presume that the same explanation can
be applied to real blood samples, where the main interfering species are small molecules like
glucose. Besides the adsorption dynamics, the environment pH may also contribute to the
nonlinear relationship between Aca,y and the glucose concentration. As the oxidation process
proceeded, Au(OH),q was reduced to Au® and the gluconolactone accumulated in the hydrogel
generating more H* ions which would lower the environment pH. The disruption of the alkaline
environment would slow down the oxidation rate and eventually lead to a chemical equilibrium
in the system.

6 T T T T T

O Hydrogel platform
i Glucose solution

Langmuir model
Freundlich model

0 0.2 0.4 0.6 0.8
Concentration (mg/mL)

Fig. 4. The change of THz absorption coefficient for different glucose concentrations
measured with our hydrogel platform. The results are fitted with the Langmuir and
Freundlich isotherm models, respectively. The dashed lines represent the 95% confidence
intervals of the models. For comparison, the change of THz absorption measured directly
with glucose solutions are also shown in the figure.

Table 1. Parameters for Langmuir and Freundlich models.

Isotherm model Langmuir Freundlich
Parameters Bamax Ky (mL/mg) R? Kg (mL/mg)!/m n R?
0.073 11.58 0.9977 0.071 0.234 0.9874

To account for the sensitivity of our sensing strategy, the LOD can be calculated following the
S/N =3 rule, where S is the signal and N is the noise. For our measurement protocol, N =0.22
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cm™! which is the standard deviation for three separate measurements (Fig. S1). The LOD for
the lowest detectable concentration is then determined to be 0.006 mg/mL (Fig. S2(a)) when
assuming a Langmuir model with parameters shown in Table 1. However, since our sensor
response is nonlinear, there exists a saturation point where further increasing of the glucose
concentration is no longer detectable due to the saturated adsorption of glucose on nanoparticle
surface. This saturation point can be determined by taking the derivative of the fitted Langmuir
model, and finding the concentration where the derivative function is equal to 3N. As illustrated
in Fig. S2 (b), the saturation point in our measurements is 1.06 mg/mL. According to the Food
and Drug administration recommendations, glucose sensing devices are required to have an error
< 20% in the range between 0.3mg/mL to 4 mg/mL. The upper detection limit is insufficient
for our current fabricated hydrogel platform, due to the surface adsorption saturation. This
can be improved with larger adsorption areas by either using smaller nanoparticles or applying
techniques to inhibit the aggregation of nanoparticles.

3.3. Effect of pH for sensitivity enhancement

The results demonstrated above is a great improvement compared to the sensitivity provided by
traditional THz-TDS measurements without the AuNP-embedded hydrogel platform [26,39]. One
of the reasons is that the hydrogel platform greatly prohibited the absorption of bulk water: the
absorption coefficient of the hydrogel samples at 1 THz is ~ 120 cm™!, while that of bulk water
and dilute glucose solutions is >200 cm~' as shown in Fig. 3(b) and Fig. 3(a), respectively. As a
result, the change induced by the different concentrations of glucose becomes more prominent.
The other mechanism of the enhanced sensitivity could be attributed to the pH change in the
solution as discussed in section 3.2. Glucose can be converted to gluconic acid in the presence
of ND@Au in the alkaline condition, this reaction will eventually lead to a pH decrease in the
system that will then result in the decreasing absorption of the terahertz waves [28].

To verify the above mechanism, freshly prepared AuNPs (25 mM) were added into the glucose
solution with concentrations of 0.1, 1, 10, 50, and 100 mg/mL. However, as we mentioned above,
subtle absorption changes induced by the pH are difficult to be probed in solution by THz-TDS
measurements due to the strong absorption of H-bonded water network. It is also difficult to
perform pH measurements directly in hydrogel samples. To overcome this issue, the prepared
solutions were measured by THz-TDS reflection measurements on a well-studied metamaterial
structure at various reaction times [40]. The change in reflection (AR) at the resonant frequency
was calculated at the beginning, as well as after 1 and 15 min of reaction (see supplementary for
more information). Figure 5(a)-(e) plot the AR vs. reaction time obtained for different glucose
solutions with/without AuNPs. The change of pH values with reaction time was also recorded as
illustrated in Fig. 5(f). Figure 5(a)-(e) clearly demonstrate that, with AuNPs in the solutions,
THz reflection at the resonant frequency decreased to a lower value compared to those without
AuNPs after 15 min. Moreover, the absolute change of reflection is greater for larger glucose
concentrations as shown in Fig. 5(f). This result, as explained in Supplementary Fig.S3 [41],
indicates that as the reaction proceeds, the solution becomes less absorbing. It has been reported
that terahertz absorption declines with decreasing pH [28,42]. Therefore, it is verified that the pH
drop induced by the oxidation reaction can indeed introduce an extra decrease in the absorption
coefficient of the THz waves, which makes our ND @ Au-embedded hydrogel platform more
sensitive than traditional THz-TDS measurements performed on aqueous solutions [23,24].
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Fig. 5. (a-e) THz reflection at the metamaterial’s resonant frequency obtained in different
glucose solution with/without AuNPs. The glucose concentration was 0.1, 1, 10, 50,
100 mg/mL from (a) to (e), respectively. (f) pH after 15 min reaction time for different
concentrations of glucose. The initial pH is pH = 10 adjusted by NaOH before reaction with
glucose,

4. Conclusions

To conclude, we have designed an ND @ Au-embedded hydrogel platform to enhance the sensitivity
of glucose detection with terahertz frequencies. First of all, AuNPs were successfully synthesized
on the surface of ND for the specific oxidation of glucose molecules. They were then evenly
distributed in the hydrogel platform for glucose sensing. Finally, the hydrogel platform immersed
with physiological concentrations of glucose solutions were measured with a THz-TDS system in
transmission geometry. The absorption coefficient of the hydrogel sensing platform for glucose
concentrations from 0 to 0.8 mg/mL can be clearly distinguished. The detectable concentration
with our platform reaches physiological level, which is a great improvement compared to
traditional THz-TDS measurements performed directly on aqueous glucose solutions. The
relationship between the THz absorption of the sensing platform and the glucose concentration
can be well described with the Langmuir isotherm model (R?=0.9977). Besides the elimination
of the bulk water absorption, we further verified that the enhanced detection sensitivity probably
comes from the pH decrease induced by the oxidation of glucose in the presence of AuNPs.
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We have provided a feasible strategy for glucose solution detection with terahertz spectroscopy.
Our proposed non-enzymatic hydrogel detection platform is low cost, biocompatible and easy
to fabricate. Challenges remain, such as how to control the total blood volume in hydrogel and
how to control the initial environmental pH in the hydrogel. The above-mentioned issues may be
solved by encapsulating the hydrogel in a confined space, and combining with other technologies
to precisely control the injection volume. Many encapsulation technologies can be found in the
literature, such as PDMS-based technologies. With properly designed electronics, circuits, and
sensor enclosures, the proposed biosensor can be applied non-invasively for continuous glucose
monitoring.
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