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Abstract

Saliva glucose detection using QCM technology has garnered signifi cant attention of non-invasive blood glucose monitoring. Introducing antifouling materials is 
a pivotal strategy for addressing the issue of indiscriminate protein adsorption in saliva. Nonetheless, equipping surfaces with antifouling properties often comes at 
the cost of compromising the sensitivity  of QCM tests. To tackle this challenge, we engineered an innovative antifouling hydrogel that integrates gold nanoparticles 
functionalized with L-cysteine (Au-Cys). When immobilized on quartz chips, this hydrogel not only enhanced glucose sensitivity but also signifi cantly reduced nonspecifi c 
protein adsorption . The sensitivity of hydrogels without Au-Cys increased from 0.34 Hz/(mg/L) to 0.45 Hz/(mg/L) of hydrogels containing Au-Cys.  Additionally, protein 
adhesion of bovine serum albumin, lysozyme, and mucin was markedly decreased by approximately 25, 10, and 50 times, respectively.
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Abbreviations

QCM: Quartz Crystal Microbalance; Au: Gold Nanoparticles; 
Cys: L-cysteine; Au-Cys: Gold Nanoparticles Functionalized 
with L-cysteine

Introduction

Diabetes is one of the biggest health problems facing 
humanity in the 21st century, characterized by high incidence 
rates, high mortality rates, high costs, and high rates of 
undiagnosed cases [1,2]. According to the International 
Diabetes Federation, as of 2019, 463 million people (aged 
20-79) worldwide are suffering from diabetes. Among them, 
the number of diagnosed cases in China has reached 116.4 
million, ranking fi rst in the world [3]. Strict control of blood 

glucose can signifi cantly reduce the risk of diabetes-related 
complications, highlighting the need for regular blood glucose 
monitoring  [4]. Blood glucose testing typically requires fi nger 
pricks or other invasive methods, such as Continuous Glucose 
Monitoring Systems (CGMS) [5,6]. These methods are painful, 
inconvenient and carry infection risks , leading to poor patient 
compliance [7,8]. To address this challenge, saliva-based 
glucose monitoring has emerged as a promising alternative. 
Research has consistently demonstrated a strong correlation 
between salivary and blood glucose levels, making it an ideal 
non-invasive biomarker for diabetes management [9–11].

Quartz Crystal Microbalance (QCM) is an extremely 
sensitive mass sensor capable of detecting mass changes at the 
nanogram level [12,13]. Due to its simple structure, low cost, 
label-free nature, and real-time measurement capabilities, 



002

https://www.chemisgroup.us/journals/open-journal-of-analytical-and-bioanalytical-chemistry

Citation: Dou Q, Chen T, Zhu L, Dai Q, Hu D. Highly Protein-resistant AuNPs-ampholytes Modified Boric Acid Hydrogel for Saliva Glucose Detection. Open J Anal 
Bioanal Chem. 2025;9(1):001-008. Available from: https://dx.doi.org/10.17352/ojabc.000033

it is considered an ideal tool for detecting salivary glucose 
concentration [14,15]. The glucose detection technology based 
on QCM involves designing a glucose-sensitive fi lm on the 
surface of the crystal chip, which detects glucose through 
the specifi c reversible binding between the fi lm and glucose 
[16,17]. However, when using saliva as a sample for glucose 
monitoring, the main challenge lies in the highly complex 
composition of saliva, with extremely low levels of glucose 
(only 1/100 to 1/20 of blood glucose levels [18,19]) and very high 
levels of macromolecular proteins (71–2232 mg/L [20]). When 
the QCM sensor is exposed to saliva samples, the large signal 
generated by the non-specifi c adsorption of high-content 
proteins on the fi lm can make it diffi cult to effectively identify 
the weak signal produced by the binding of trace amounts 
of glucose. Therefore, to achieve effective and accurate 
detection of salivary glucose, it is necessary to eliminate the 
interference from non-specifi c protein adsorption in saliva. 
To address this issue, constructing antifouling sensors based 
on functional materials is an effective solution [21]. For 
example, Yang, et al. [22] developed a zwitterionic hydrogel 
using polycarboxybetaine methacrylate (polyCBMA) as a base 
material for electrochemical glucose biosensors to detect 
glucose in complex media. The results showed that sensors 
coated with polyCBMA hydrogel by chemical methods exhibited 
good sensitivity and a linear response to glucose in PBS, 10%, 
50%, and 100% human serum. Hu, et al. [23] polymerized 
the zwitterionic sulfobetaine methacrylate (SBMA) monomer 
on the surface of enzyme-adsorbed electrodes. The results 
indicated that the polymer brush coating reduced non-specifi c 
protein adsorption by more than 99%, and after 15 days, the 
sensor’s sensitivity remained at 94%. While successful in blood 
glucose detection, their application to salivary glucose remains 
limited due to the trade-off between antifouling properties 
and sensitivity. Developing novel antifouling materials tailored 
to the unique characteristics of saliva is crucial for advancing 
QCM-based salivary glucose monitoring [24,25].

We have successfully developed a novel salivary glucose 
sensor incorporating an antifouling hydrogel. The hydrogel, 
composed of gold nanoparticles (AuNPs) functionalized with 
L-cysteine (Cys), demonstrated enhanced glucose detection 
sensitivity and resistance to protein fouling. The strong 
Au-S bond facilitated the self-assembly of AuNPs and Cys, 
leading to a robust and biocompatible composite material. 
When integrated into a boronic acid hydrogel, this composite 
signifi cantly improved the sensor’s performance in detecting 
salivary glucose under physiological conditions. Compared to 
sensors without the antifouling material, the response signal 
to glucose was 1.3 times higher, while maintaining excellent 
resistance to bovine serum albumin, lysozyme, and mucin. 
These fi ndings highlight the potential of our approach for 
developing reliable and practical non-invasive saliva glucose 
sensors.

Experimental section

Reagents

N-Vinylpyrrolidone (NVP, 99%), acrylamide (AM, 
98.5%), and ethylene glycol dimethacrylate (EGDMA, 

98%) were purchased from Shanghai Macklin Biochemical 
Co., Ltd. 2,2-Dimethoxy-2-phenylacetophenone (DMPA, 
> 98%) was obtained from TCI (Shanghai) Development 
Co., Ltd. 3-Aminopropyltriethoxysilane (APTES, 98%) 
was acquired from Alfa Aesar (China) Chemical Co., Ltd. 
3-Acrylamidophenylboronic acid (3-APB, 98%) was sourced 
from Tianjin Heowns Biochemical Technology Co., Ltd. 
N,N’-Methylenebisacrylamide (BIS, 98%) was obtained from 
Sinopharm Chemical Reagent Co., Ltd. Dimethyl sulfoxide 
(DMSO), glucose, L-cysteine, maleic anhydride, bovine serum 
albumin (BSA), lysozyme (LYS), mucin (MUC), and other 
chemicals were all analytical grade reagents.

Instruments

Glucose and antifouling tests were conducted using the 
QCM 200 (SRS). The surface morphology of the materials was 
studied using a scanning electron microscope (S-4800). The 
functional groups of the materials were determined using a 
micro-IR spectrometer (SP-200i). The chemical composition 
of the hydrogel was analyzed by X-ray photoelectron 
spectrometry (ESCALAB250- Xi). The pressure involved in 
the hydrogel preparation process was provided by a lab-built 
pressing machine. UV polymerization was carried out using a 
UV lamp (365 nm, with a maximum power of 3 W).

Synthesis of smart hydrogel

Surface modifi cation of QCM chips: The QCM chips were 
ultrasonicated for 10 minutes in a piranha solution (a mixture of 
H2SO4 (96% w/w) and H2O2 (30% w/w) at a volume ratio of 7:3). 
After treatment, the chips were rinsed with distilled water and 
dried with nitrogen gas. The chips were then placed in a mixed 
solution of 3-aminopropyltriethoxysilane (100 μL) and ethanol 
(50 mL). After reacting at room temperature for 12 hours, 
the chips were repeatedly rinsed with ethanol and dried with 
nitrogen gas. The treated chips were then soaked in a mixed 
solution of maleic anhydride (1 g) and dimethylformamide (50 
mL) and reacted at room temperature for 12 hours. Finally, the 
chips were rinsed with ethanol and dried with nitrogen gas 
[21]. 

Synthesis of Au-Cys: Citrate-protected gold nanoparticles 
were dispersed in a mixed ethanol-water solution containing 
an excess of L-cysteine. The ethanol content was maintained 
at 30% or less of the total volume. After a 24-hour reaction 
at room temperature, the resulting AuNPs-Cys composite 
was thoroughly washed with distilled water and dried for 
subsequent use [21]. 

Deposition of Au-Cys-hydrogel on the chip: A pre-
polymerization solution was prepared by combining 0.3 mg 
Au-Cys, 17.2 mg 3-APB, 1.5 mg BIS, 27.7 mg AM, 2.6 mg DMPA, 
and 10 μL NVP in 100 μL dimethyl sulfoxide [21]. Twenty-
fi ve microliters of this solution were then dropped onto a 10 
x 10  cm quartz plate. The chip was placed face down on the 
solution, fi rmly pressed and exposed to UV light  for 1 hour. The 
hydrogel-coated chip was subsequently separated from the 
quartz plate by immersing it in distilled water and thoroughly 
washed [26]. The hydrogel synthesized using this composition 
formula is designated as Au-Cys-hydrogel.
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Deposition of hydrogel without Au-Cys on the chip: A pre-
polymerization solution was prepared by combining 17.2 mg 
3-APB, 1.5 mg BIS, 27.7 mg AM, 2.6 mg DMPA, and 10 μL NVP 
in 100 μL dimethyl sulfoxide. Twenty-fi ve microliters of this 
solution were then dropped onto a 10x10 cm quartz plate. The 
chip was placed face down on the solution, pressed fi rmly, and 
exposed to UV light for 1 hour. The hydrogel-coated chip was 
subsequently separated from the quartz plate by immersing 
it in distilled water and thoroughly washed. The hydrogel 
synthesized using this composition formula is designated as 
hydrogel.

Glucose sensor testing

The hydrogel-coated QCM chip was dried with nitrogen 
gas and then placed in the QCM reaction chamber. A peristaltic 
pump was used to introduce the test solution into the chamber 
while continuously monitoring the QCM frequency in real-
time using specialized software. Once the frequency change 
(ΔF) stabilized, the hydrogel’s response to glucose and its 
antifouling properties were evaluated [21]. During each 
experiment, a 2 mL sample dissolved in Phosphate-Buffered 
Saline (PBS) was injected at a fl ow rate of 200 μL/s. After 
complete injection, the peristaltic pump was stopped, and the 
system was allowed to stabilize before introducing the next 
sample. Except for the pH tests conducted at pH 6.8, 7.2, and 
7.5, all other QCM performance tests were performed at pH 7.2.

Results and discussion

Synthesis of Au-Cys-hydrogel

As mentioned in the introduction, the key obstacle in 
developing QCM-based salivary glucose sensors is the need 
to overcome the interference of high-concentration proteins 
while maintaining sensitivity to low levels of glucose. The 
design of antifouling glucose-sensitive hydrogels is therefore 
paramount for the successful implementation of such sensors.

Currently, anti-protein materials mainly include 
polyethylene glycol (PEG) [27] zwitterionic polymers [28] 

peptides and polypeptides [29] zwitterionic electrolytes 
(natural amino acids Arg+, Cys+,Asp- and Glu-, N+(CH3)3 
and -SO3-/-COO-)30. Among them, natural amino acids, due 
to their zwitterionic nature, biomimetic properties, excellent 
chemical stability, convenient sourcing, and outstanding 
antifouling properties, have attracted widespread attention 
from researchers [30,31]. Particularly, L-cysteine (Cys), one of 
over 20 natural amino acids, is the only substance containing 
a thiol group (SH), which can be used for the modifi cation of 
various materials [32] Gold nanoparticles (AuNPs), with their 
high surface-to-volume ratio, provide a means for signal 
amplifi cation [33,34].

Based on this, a simple and effi cient anti-contamination 
saliva glucose sensor is designed. Cys was grafted onto AuNPs 
via Au-S bonds to create an antifouling composite material. 
This composite was then incorporated into a hydrogel pre-
polymerization solution and subsequently synthesized onto a 
double-bond modifi ed QCM chip using UV pressing-assisted 
polymerization, resulting in the formation of the Au-Cys-
hydrogel sensor [26]. 

As illustrated in Figure 1, when the sample solution is 
introduced onto the chip surface, the boronic acid functional 
groups within the hydrogel matrix undergo specifi c and 
reversible binding with glucose molecules. Simultaneously, 
the cysteine-modifi ed gold nanoparticles (Au-Cys) effectively 
minimize nonspecifi c protein adsorption through their steric 
hindrance and hydrophilic properties, thereby eliminating 
potential interference from biological contaminants on the 
detection signal. This dual-function mechanism endows 
the sensor with remarkable selectivity and reliable detection 
performance, ensuring highly sensitive and accurate glucose 
quantifi cation.

Material characterization

To verify the effectiveness of the synthesis of Au-
Cys-hydrogel and to further understand the microscopic 
morphological characteristics of this material, we characterized 
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Figure 1: The preparation and identifi cation process of saliva glucose sensor.
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and analyzed its properties using an infrared absorption 
spectrometer, X-ray Photoelectron Spectroscopy (XPS), and 
Scanning Electron Microscope (SEM) separately.

First, the Au-Cys and Au-Cys-hydrogel were characterized 
using an infrared spectrometer. As shown in Figure 2a-i, the 
blue curve represents the infrared absorption spectrum of 
Au-Cys. The peak appearing at ~3022 cm-1 is attributed to 
the symmetric stretching vibration absorption of -NH2. The 
stretching and bending absorption peaks of NH3+ appear at 
~2919 cm-1 and ~1578 cm-1, respectively. Meanwhile, the peaks 
of the asymmetric and symmetric stretching vibrations of COO- 
appear at ~1618 cm-1 and ~1483 cm-1, respectively. The peak at 
~772 cm-1 indicates the formation of the Au–S bond [35]. Since 
Cys is a zwitterionic molecule, the absorption peaks of NH3+ 
and COO- originate from the partial protonation and ionization 
of NH2 and COOH on Cys. These results ultimately confi rm the 
successful grafting of Cys onto the surface of AuNPs. Figure 2a-
ii, the red curve represents the infrared absorption spectrum 
of Au-Cys-hydrogel. The absorption peaks at ~3318 cm-1 and 
~3193 cm-1 correspond to the asymmetric and symmetric 
vibrations of H-NCO. The peak at ~1653 cm-1 is attributed to 
C=O stretching. The characteristic absorption peak of C6H6 

appears at ~1421 cm-1. The absorption peak at ~1342 cm-1 is 
assigned to B(OH)2 [36] The appearance of these absorption 
peaks confi rms the formation of the boronic acid hydrogel.

C 1s peak at 284.8 eV from Au-Cys-poly(acrylamide-co-
3APB) hydrogel was used as a  reference, using Gaussian–
Lorentzian peak profi les after the Shirley background 
subtraction to get the peaks of Au 4f7/2,5/2, S2P3/2,1/2, and B1s 
(Figure 2b). The Au 4f7/2 and 4f 5/2 signal at 84.2 eV and 87.9 eV, 
the S2P3/2 and S2P1/2 signal at 163.5 eV and 168.0 eV indicate the 
presence of Au-Cys in boronic acid hydrogel [37,38]. The B 1s 
signal at 191.4 eV indicates the presence of boronic acid groups 
[26]. 

Furthermore, the surface morphology of the Au-Cys and 
Au-Cys-hydrogel-coated chips were characterized using 
Scanning Electron Microscopy (SEM). Au-Cys was dispersed in 
ethanol solution and then dropped onto a single crystal silicon 
(111) surface. After the solvent evaporated, the samples were 
directly observed under SEM. Figure 2c-i shows that Au-Cys 
are in a clustered state. From the top view of the hydrogel-
coated chip (Figure 2c-ii), it can be clearly seen that Au-Cys 
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Figure 2: Characterization. (a) FTIR spectra of Au-Cys and Au-Cys-poly(acrylamide-co-3APB) hydrogel. (b) The XPS spectra of Au4fS2p and B1s. (c) The SEM of Au-Cys 
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Additionally, the fi gure shows a good linear relationship 
between glucose concentration and △F at the same pH value, 
with linear correlation coeffi cients of 0.9938 (pH 6.8), 0.9553 
(pH 7.2), and 0.9908 (pH 7.5).

It is known that the thickness of the hydrogel infl uences 
the sensitivity of the glucose QCM sensor [41]. Thus, different 
fi lm thicknesses on glucose detection were studied. As can be 
seen from Figure 3c, the absolute value of response frequency 
increases gradually with the increase of fi lm thickness. This 
means that the hydrogel swell, and more glucose molecules 
will be adsorbed to the surface of the sensor [26]. If the fi lm 
thickness is greater than 830 nm, the QCM device is easy to 
stop vibration and cannot continue to work.

One of the greatest advantages of the reaction between 
glucose and phenylboronic acid is its reversibility [42]. This 
means that continuous glucose monitoring can be achieved 
during actual measurements without any washing or 
regeneration steps. To demonstrate the reversibility of our Au-
Cys-hydrogel, we conducted repeated testing-elution cycles at 
a pH of 7.2, alternating between glucose concentrations of 0 
and 200 mg/L. As shown in Figure 3d, the hydrogel exhibited 
complete reversibility throughout 10 cycles, indicating its 
suitability for continuous glucose monitoring.

are uniformly dispersed within the hydrogel. The cross-
sectional image reveals that the Au-Cys-hydrogel exhibits a 
dense microstructure with a thickness of approximately 220 
nm.

The responsiveness to glucose

Theoretically, the concentration of glucose in saliva is 1/100 
to 1/50 of the blood glucose concentration [39,40], ranging 
from 2 to 120 mg/L. As illustrated in Figure 3a , as the glucose 
concentration increases, △F gradually decreases. Conversely, 
as the glucose concentration decreases, △F gradually increases. 
For the same glucose concentration, △F is almost identical. 
Within the glucose concentration range of 0 to 200 mg/L, the 
Au-Cys-hydrogel demonstrates excellent responsiveness to 
glucose.

The response of Au-Cys-hydrogel to glucose was tested 
under different pH conditions (6.8 to 7.5, covering the 
physiological pH range of saliva). As shown in Figure 3b, with 
an increase in pH value, the absolute value of the corresponding △F gradually increases. This suggests that a slightly elevated 
pH can improve glucose sensitivity . The reason is that a higher 
pH promotes the hydrolysis of phenylboronic acid groups, 
allowing more boronic acid groups to bind with glucose. 
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Figure 3: (a) The response of Au-Cys-hydrogel to glucose ranging from 0 to 200 mg/L (pH 7.2). (b) Infl uence of different pH on glucose test (pH 7.2). (c) The infl uence of 
different fi lm thickness on glucose test. (d) Recovery test of Au-Cys-hydrogel (pH 7.2).
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Comparison of anti-protein performance and glucose 
sensitivity

Using hydrogel without Au-Cys as a control experiment, the 
antifouling performance of Au-Cys-hydrogel against Bovine 
Serum Albumin (BSA), Lysozyme (LYS), and Mucin (MUC) 
was evaluated, and the changes in its glucose sensitivity were 
analyzed. Figure 4a shows the results for BSA on both types of 
hydrogels. The results indicate that when the BSA concentration 
was 400 mg/L, the frequency shift (△F) for Hydrogel decreased 
by about 45 Hz; whereas, at a BSA concentration of 10,000 
mg/L, the △F for Au-Cys-hydrogel decreased by only about 
15 Hz. Similarly, when the LYS concentration was 10 mg/L, 
the △F for Hydrogel decreased by about 70 Hz; whereas, at a 
LYS concentration of 100 mg/L, the △F for Au-Cys-hydrogel 
decreased by only about 28 Hz (Figure 4b). For mucin, when 
its concentration was 5 mg/L, the △F for Hydrogel decreased 
by about 70 Hz; whereas, at a concentration of 250 mg/L, the △F for Au-Cys-hydrogel decreased by only about 17 Hz (Figure 
4c). In summary, compared to hydrogel without Au-Cys, the 
anti-protein performance of Au-Cys-hydrogel improved by 
approximately 25, 10, and 50 times for BSA, LYS, and MUC, 
respectively. These results of three proteins fully confi rm that 
the incorporation of the antifouling material Au-Cys into the 
hydrogel can signifi cantly enhance its antifouling properties 
. The mechanism is that Au-Cys forms a hydration layer via 
electrostatic and hydrogen bonding , which can bind a large 
number of water molecules and generate strong repulsive 
forces against proteins at specifi c distances [43,44].

Furthermore, the glucose sensitivity of Hydrogel and 
Au-Cys-hydrogel was compared. As shown in Figure 4d, the 
sensitivity of the QCM sensor was calculated based on the 
Sauerbrey equation, assuming that the adsorption layer on the 

QCM chips is rigid and uniform. The sensitivity calculation is 
shown in Equation (1). When the glucose concentration was 
100 mg/L, the average value of △F for hydrogels containing 
Au-Cys was 45 Hz, while for hydrogels without Au-Cys, the 
average value of △F was 34 Hz. Therefore, the sensitivity of 
glucose increased from 0.34 Hz/(mg/L) to 0.45 Hz/(mg/L). 
This enhancement can be attributed to the signal amplifi cation 
provided by the incorporated gold nanoparticles. Collectively, 
these fi ndings demonstrate that the introduction of Au-Cys not 
only improves the antifouling properties of the hydrogel but 
also enhances its sensitivity to glucose.

FSensitivity
C




               (1)

Conclusion

This study suc c essfully developed a novel QCM-based 
glucose sensor incorporating an antifouling hydrogel. The 
sensor demonstrated reliable detection  of salivary glucose under 
physiological conditions and exhibited exceptional resistance 
to protein fouling. Notably, the sensitivity of hydrogels without 
Au-Cys increased from 0.34 Hz/(mg/L) to 0.45 Hz/(mg/L) for 
hydrogels containing Au-Cys . Furthermore, the antifouling 
properties of the Au-Cys-hydrogel against bovine serum 
albumin, lysozyme, and mucin were signifi cantly enhanced, 
improving antifouling performance by approximately 25-, 
10-, and 50-fold, respectively . These fi ndings offer valuable 
insights for the design of advanced antifouling QCM glucose 
sensors.
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