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High performance boronic acid-containing hydrogel for 
biocompatible continuous glucose monitoring 

Qian Dou, a Debo Hu,a Hongkai Gao,b Yongmei Zhang,b Ali K. Yetisen,c,d Haider Butt,e Jing Wang,a 
Guangjun Nie,*a Qing Dai*a  

Rapid and robust hydrogels are essential in realizing continuous glucose monitoring in diabetes monitoring. However, 

existing hydrogels limited in satisfying all the sensory requirements such as detection range, response time, recoverability 

and biocompatibility. Here, we have developed a surface-initiated polymerization method to chemically immobilize a nano-

boronic acid-hydrogel membrane onto a quartz crystal, then used a quartz crystal microbalance (QCM) to achieve real-time 

monitoring of glucose. The experimental results show that this hydrogel possesses enhanced binding properties to glucose 

under physiological conditions (pH 7.0~7.5) and blood glucose concentration (BGC) (1.1~33.3 mM). Moreover, our hydrogel 

displayed rapid response time (~100 s) to glucose, high biocompatibility in vivo through an animal model. The hydrogel has 

a great potential as a sensitive glucose probe for implantable continuous glucose sensors.

Introduction 

Continuous glucose monitoring system (CGMS) is the most advanced 

method for the self-management of diabetes.1-4 QCM is a mass-

sensitive sensor characterized by its high sensitivity, fast response 

and good operability.5,6 It can achieve continuous monitoring of 

glucose concentration in a solution by recording the frequency shift 

of a quartz crystal before and after contact with the solution.7-9 The 

key challenge for QCM-based detection platform is to develop a 

highly-sensitive glucose probe for monitoring in patients’ 

subcutaneous tissues, as the glucose concentrations in interstitial 

fluid can be correlated with blood glucose under steady-state 

conditions.10,11 Boronic acid derivatives offer stability, durability, and 

low cost for application in CGMS development.12-16 In particular, 

boronic acid-containing hydrogels have high sensitivity to glucose 

and offer biocompatibility, which have become a promising material 

for dynamic glucose monitoring in vivo.17-21 For example, Sugnaux et 

al.22 synthesized glucose-sensitive polymer brushes with controllable 

thickness via surface reversible addition−fragmentation chain-

transfer (RAFT) polymerization of 3-methacrylamido phenylboronic 

acid. The detection range was from 0 to 100 mM; however, this 

sensor operated outside the physiological conditions (pH 9.0) in 

phosphate-buffered saline (PBS) solutions. To enable analysis under 

physiological pH, Zhang et al.23 have reduced the pKa value of the 

hydrogels by adding acrylamide, and constructed a polymerized 

crystalline colloidal array. This optical sensor detected glucose 

ranging from 0 to 50 mM at pH 7.4, but had low sensitivity (10 mM), 

which was not suitable for accurate detection of glucose required by 

CGMS. Ye et al.24 achieved a high sensitivity (0.5 mM) for glucose by 

optimizing the concentration of the acrylamide monomer, 3-

methacrylamido phenylboronic acid, cross-linker N, N-

methylenebisacrylamido and solvent dimethyl sulfoxide during the 

hydrogel preparation, but the detection range was limited to 0.10 to 

2.50 mM. In addition, the response time of currently reported 

boronic acid-containing hydrogels are generally longer than 5 min,22-

25 which is not within the realm of practical real-time monitoring of 

BGC. Therefore, to realize the potential of boronic acid-containing 

hydrogel sensors in CGMS, new hydrogel formulations suitable for 

fast and sensitive detection of glucose under physiological conditions 

are urgently needed. 

In this study, we fabricated an implantable sensor that meets 

the physiological requirements for glucose detection, and evaluated 

its performance through QCM detection. The 3-

acrylamidophenylboronic acid (3-APBA) is commercially available 

and widely used for the detection of glucose. But 3-APBA (pKa >8) 

have a low sensitivity at the pH of human interstitial fluid (7.0~7.5),26, 

27 we developed a hydrogel system based on 3-APBA as the glucose-

sensing component, and with acrylamide as the monomer and N,N'-

methylenebisacrylamide as the crosslinking agent for hydrogel 

synthesis. The numerous amine groups introduced into the hydrogel 

composite membrane hence help to reduce its pKa value, and 

enhance the complexation ability and glucose responsivity of the 

hybrid membrane at physiological pH.28 Molar ratios of monomers to 

prepare the hydrogel composition were optimized to operate at 

physiological glucose concentrations in human interstitial fluid 

(1.1~33.3 mM). Furthermore, since the real-time sensing capacity of 

the existing hydrogel sensors was primarily limited by the low 
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association rate of hydrogel film with glucose, we employed a 

surface-initiated polymerization method to chemically immobilize 

the nanogel onto a quartz crystal, with the thickness of the nanoscale 

hydrogel film controlled to improve its response time. By tuning the 

dimensions of the hydrogel network via varying hydrogel 

formulations and reaction time, the contact between free glucose 

molecules and hydrogel network can be maximized. This new 

boronic acid-containing hydrogel sensor detects glucose at pH 

7.0~7.5 within a detection range of 1.1~33.3 mM (typical 

physiological BGC) and a rapid response time (~100 s) as compared 

to existing sensors based on boronic acid in the literature. 

Subcutaneous implantation experiments in rats indicated that the 

hydrogel has biocompatibility and durability, and is potentially 

suitable for in vivo glucose monitoring.  

Results and discussion 

Synthesis and Characterization  
We employed a surface-initiated polymerization method to 

immobilize boronic acid-containing hydrogels onto quartz crystals 

(Figure 1a). First, the Au substrate was modified with double bonds 

to functionalize the substrate for polymerization. We used (3-

aminopropyl) triethoxysilane (APS) to graft amino groups to the 

crystal and then used the ring-opening reaction of the 

maleic anhydride with the amino groups to graft double bonds onto 

the crystal. The compound of formula which grown on quartz crystal 

is shown in Figure 1a(ii). A pre-polymer solution was then pipetted 

onto the modified electrode surface and spin-coated to form a liquid 

layer of uniform thickness. Finally, UV-initiated free-radical 

polymerization was utilized to cure the monomer layer to form a 

hydrogel layer having a uniform thickness. The molecular structure 

of the boronic acid-functionalized hydrogel network is shown in 

Figure 1a(iii). The positive and negative regions of the actual map of 

the coated quartz crystal oscillator are shown in Figure 1a(i). The 

boronic acid functional groups in the hydrogel exist in two states that 

are in equilibrium: a negatively-charged dissociative state or an 

uncharged non-dissociative state in solution. Boronic acid in the non-

dissociative state is in a planar triangular configuration which cannot 

stably bind to glucose. However, the dissociative state it exhibits a 

tetrahedral molecular configuration and can form a stable five- or six-

membered ring (lactone) with glucose.29,30 After glucose molecules 

in solution bind boronic acid groups through cis-diol groups, the 

equilibrium shifts in favor of the dissociative state, thus generating 

more boronic acid molecules in the dissociative state, which can bind 

to more glucose molecules.31 

The chemical reactions occurring at the quartz crystal surface 

were characterized by FTIR after each step of the hydrogel film 

synthesis process (Figure 1b). Before amination, there was no 

obvious IR mode in the spectrum of the acid-treated quartz crystal 

sample; however, after amination, several IR modes emerged, 

including the N-H stretch mode at 3456 cm-1, the stretch modes of 

saturated C-H at 2912 cm-1 and 2850 cm-1, and the N-H in-plane 

bending mode at 1635 cm-1. The presence of these modes verified 

the completion of the APS reaction. The appearance of the C=C 

stretch mode at 1585 cm-1 and the decrease of the amino IR modes 

indicated the completion of the maleic anhydride reaction. Finally, 

the appearance of the -B(OH)2 mode indicated the deposition of the 

boronic acid hydrogel. Additionally, X-ray photoelectron 

spectroscopy (XPS) was used to confirm that the boric acid group was 

covalently bound to the hydrogel backbone. In the high-resolution 

scanning spectrum of B 1s, the presence of the boric acid derivative 

was confirmed by the B 1s signal at 191.6 eV (Figure 1c). Furthermore, 

the thickness of the film is an important parameter that dictates the 

performance of the hydrogel. Our experiments indicated that the 

results have a good platform, fast response time, superior recovery 

with a film thickness of approximately 250 nm (Figure 1d, 1, 2 and 3 

test results are three different parts of coated crystal).  

Glucose Sensitivity of Boronic Acid-Containing Hydrogel 
The glucose sensitivity of the boronic acid-containing hydrogel was 

experimentally verified by QCM. Fasting blood glucose 

concentrations are in the range of 3.9 to 6.1 mM for a healthy person. 

Concentrations below 3.9 mM are observed in hypoglycemic patients, 

and concentrations above 11.1 mM are present in diabetic patients. 

Figure 2a shows that our hydrogel responds to glucose 

concentrations ranging from 0.0 to 33.3 mM. The hydrogel system 

has a typical response time (the time span during which the QCM 

frequency shifts reach the limit of 90 % between two successive 

glucose concentration steps) of ~100 s (Figure 2b). Thus, the dynamic 

range of our hydrogel-based glucose sensor is broad enough to cover 

the concentration range required by CGMS. When solutions of 

increasing glucose concentrations were pumped into the flow cell, 

the fundamental frequency of the quartz-hydrogel complex 

resonator decreased due to the association of glucose molecules 

with the hydrogel matrix, reaching the minimum at 33.3 mM. In 

contrast, when solutions of decreasing glucose concentrations were 

pumped into the flow cell, the fundamental frequency of the quartz-

hydrogel complex resonator increased due to the dissociation of 

glucose molecules from the hydrogel, reaching the maximum at 

glucose-free solutions.  

The association of glucose molecules with boronic acid 

molecules in the hydrogel matrix is pH dependent. To verify that the 

hydrogel may be adapted to the physiological conditions of human 

interstitial fluid, we conducted detection experiments with glucose 

solutions (0.0~33.3 mM) of pH values ranging from 7.0 to 7.5 (Figure 

2d). The hydrogel was sensitive to glucose and exhibited linearity at 

different pH values. Maximum glucose sensitivity was observed at pH 

7.5, because higher pH facilitates the association of glucose 

molecules with boronic acid molecules in the hydrogel network. 

Figure 2c shows that the frequency shift is linearly proportional to 

the glucose concentration over the range of 0.0~33.3 mM. Deviations 

from this linear relationship are seen at glucose concentrations 

above 9.4 mM. The larger error at higher glucose concentrations may 

be due to the conversion between the 1:1 binding mode and the 2:1 

cross-linking mode between the boronic acid and glucose 

molecules.23,32,33 To obtain optimal linear fitting between frequency 

shift and glucose concentration, we performed the fitting in the 
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ranges of 0.0~9.4 mM and 9.4~33.3 mM. The linear coefficients were 

0.9971 (pH 7.0), 0.9934 (pH 7.3), and 0.9983 (pH 7.5) in the range of    

0 to 9.4 mM; and 0.9870 (pH 7.0), 0.9637 (pH 7.3), and 0.9921 (pH 

7.5) in the range of 9.4 to 33.3 mM. The reversibility of the hydrogel        

was tested by alternately pumping solutions of low (glucose-free 

solutions) and high (3.9 mM) glucose concentrations into the flow 

cell. After eleven association-dissociation cycles, the hydrogel 

 

Fig. 1 The synthesis and characterization of the glucose-sensitive hydrogel. (a) Synthesis of the hydrogel-coated quartz crystal. (b) FTIR spectra of the 

coated gold surface at different stages of reaction (i. acidation; ii. amination; iii. double bonded; iv. hydrogel deposition). (c) B 1s XPS spectra of the 

hydrogel film. (d) Hydrogel thickness at three different locations on the quartz crystal characterized by AFM. 
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maintained its glucose sensitivity (Figure 2e), thus showing potential 

 

Fig. 2 Glucose sensing in physiological conditions using hydrogel-based glucose sensor. (a) Frequency shift with varying glucose concentrations (pH 7.5). 
(b) The response time to glucose. (c) The relationship between frequency shift and glucose concentration at different pH values. (d) Glucose responses at 
different pH values (error bars represent the standard deviation over three independent measurements on the same QCM chip). (e) Reversibility test of 
the hydrogel-based glucose sensor. (f) Interference experiment of other saccharides (pH 7.5, error bars represent the standard deviation over three 
independent measurements on the same QCM chip. 1-3.9 mM Glucose; 2-3.9 mM Glucose+0.1 mM Fructose; 3-3.9 mM Glucose+0.1 mM Maltose; 4-3.9 
mM Glucose+0.1 mM Ribose; 5-3.9 mM Glucose+0.1 mM Lactose; 6-3.9 mM Glucose+0.1 mM Xylose; 7-3.9 mM Glucose+0.1 mM Sucrose; 8-3.9 mM 
Glucose+0.1 mM Mannose; 9-3.9 mM Glucose+0.1 mM Galactose). 
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to be a long-term glucose sensor. 

While glucose is predominant, human blood also contains other 
sugars such as fructose, galactose, sucrose and so on. 34-36 However, 
the effect of these sugars, even at such relatively low concentration 
(<0.1 Mm 37-39), may be to act as interferents to any glucose 
measurement using phenylboronic acids. To assess the influence of 
possible competitive binding of 0.1 mM of other saccharides on the 
glucose, an experiment was carried out in which the sensor chip was 
exposed to 3.9 mM glucose with and without 0.1mM of other 
saccharides. Figure 2f shows that the presence of Fructose, Maltose 
and Lactose lead to a slight increase in response frequency, 
compared to the presence of glucose alone. But QCM-based sensor 
is also able to detect physiologically relevant glucose concentrations 
also in the presence of other competing sugars within the error range. 

Biocompatibility of the Glucose Sensors 
To assess the biocompatibility of the hydrogel sensor, we used 

microscopy to image L929 cells exposed to the coated chips. No 

significant difference was observed between cells in the 

experimental group and the control group (consisting of a reagent 

control and a negative control) (Figure 3a). The experimental group 

cells exhibited normal cellular morphology, intact cellular 

membranes, and no exfoliation or dissolution; thus, there was no 

evidence of cytotoxicity. We also used the methyl-thiazolyl-

tetrazolium (MTT) assay to evaluate the cytotoxicity of the hydrogel-

coated chips, according to the national standard GB/T 16886-2001.40 

MTT results showed that the relative increment rate (RGR) were 

greater than 90% for incubation periods of 24 h and 48 h (Figure 3b). 

According to the GB/T 16175-1996,41 this is categorized as a grade 1 

reaction. These results confirmed that the hydrogel-coated chips 

were not toxic to cells. 

After subcutaneous implantation of the chips into SD rats, 

tissues that were in direct contact with the coated chips were imaged, 

and no difference was observed between the experimental group 

and the control group. Tissues were imaged at 7 days post-

implantation (Figure 3c). At 7 days post-implantation, tissue 

morphology was normal, and there was no evidence of inflammatory 

cell infiltration into the tissue. No fibrous tissue twined around the 

implants and the hydrogels had not fallen off the gold-plate silicon 

with complete surface morphology. 

Conclusions 

As compared to GOx- and Con A-based glucose sensors, boronic acid-

containing hydrogel exhibits favorable properties as an implantable 

glucose-sensitive material including stability, durability, long lifetime 

and low cost. In this study, we immobilized a glucose-sensitive 

hydrogel onto quartz crystals by means of surface-initiated 

polymerization, and employed the chip in QCM system for rapid 

glucose sensing. Our hydrogel displayed a response time (~100 s) as 

compared to existing boronic acid-hydrogel systems and full range 

 

Fig. 3 Biocompatibility tests of the hydrogel-based sensors. (a)The microscopic images of the cells. (b) The RGR value of experiment and control group 

24 h and 48 h (Negative control, 24 h, 99.0%, 48 h, 98.6%. Reagent control, 24 h, 100 %, 48 h, 100 %.). (c) The animal tissues microscopic images of the 

control group and the experiment group at  seven days after implantation. 
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BGC detection (1.1~33.3 mM) with typical physiological 

concentration in the interstitial fluid pH range (7.0~7.5). For potential 

application, hydrogel-coated quartz crystals could be implanted into 

subcutaneous tissue, the quartz resonance changes stimulated by 

glucose concentration fluctuations in vivo can be read through an 

external detection circuit, from which we could predict the BGC by 

formula conversion. In general, given its fast response and high 

sensitivity to glucose, durability and biocompatibility, this boronic 

acid-containing QCM system represents a promising implantable 

sensing platform for the continuous monitoring of glucose in diabetic 

patients. 

Experimental section 

Instruments and reagents 

Instruments: Quartz crystal microbalance (QCM 200, Stanford 

Research Systems), Ultraviolet analyzer (ZF-20D, Shanghai Guanghao 

Ltd.), Spin coater (KW-4B, Beijing Teesside Case Electronics Co., Ltd.).  

Ultrasonic cleaner (KQ 3200DE, Kunshan Ultrasonic Instruments Ltd), 

FTIR spectrometer (Nicolet iN10, Thermo Fisher Scientific Inc.), 

Atomic force microscope (Dimension Icon, Bruker), X-ray 

photoelectron spectroscopy (ESCALAB250Xi, Thermo Fisher 

Scientific Co., Ltd.), Paraffin embedding station (EG1150, Leica), 

Paraffin slicing machine (RM2235, Leica), Motic microscope (BA400, 

MOTIC Industrial Group Co., Ltd). 

Reagents: 3-Aminopropyltriethoxysilane (APS, 98 %, Alfa Aesar), 

3-acrylamidophenylboronic acid (3-APB, 98 %, Frontier Scientific), 

2,2-dimethoxy-1,2-diphenyl-ethanone (DMPA, >98 %, Tokyo 

Chemical Industry), Acrylamide (AM, 98.5 %, Xilong Chemical 

Industry), N, N'-methylenebisacrylamide (BIS, 98 %, Sinopharm 

Chemical Reagent Ltd.), Analytically pure reagents (glucose, sodium 

phosphate dibasic dodecahydrate, potassium dihydrogen phosphate, 

maleic anhydride). Trypsin, L929 murine fiber cells and penicillin-

streptomycin mixture (100*) were purchased from Beijing 

Prosperous Biological Technology Co., Ltd. Thirty-six SD rats 

(eighteen male and eighteen female), 220-240 g, were purchased 

from Beijing D Tong Lihua Experimental Animal Technical Co., Ltd. 

For biocompatibility experiments, a gold layer with an 

approximate thickness of 100 nm was deposited onto 

monocrystalline silicon (111) (0.6×0.6 cm2) by vacuum sputtering. An 

AT-cut quartz crystal chip with gold electrode, with a resonance 

frequency of 5 MHz and diameter of 12.37 mm, was used for the 

QCM test. And on the gold electrode was all investigated ~250 nm 

hydrogel film.  

Synthesis of smart hydrogel 
Surface modification of quartz crystals: Gold-coated quartz crystals 

were rinsed sequentially with piranha solution (70 % sulfuric acid and 

30 % hydrogen peroxide), acetone, ethanol, and redistilled water, 

each for 10 minutes, in an ultrasonic cleaner. After the quartz crystals 

were dried with nitrogen, they were immersed in a mixed solution of 

3-Aminopropyltriethoxysilane and methylbenzene (v/v 1:10) under 

nitrogen. Twelve hours later, the quartz crystals were rinsed with 

ethanol and subsequently dried with nitrogen. The dried quartz 

crystals were then immersed in a mixed solution of maleic anhydride 

and dimethylformamide (2 %) for twenty-four hours before being 

rinsed with ethanol and dried with nitrogen.42, 43 

Deposition of smart hydrogel films: First, we prepared a 5 mol/L 

pre-polymer solution consisting of 18 % 3-APB，2 % BIS，78 % AM，

and 2 % DMPA (by mass) in dimethyl sulfoxide as the solvent. Second, 

30 μL of pre-polymer solution was deposited onto the upper 

electrode of the quartz crystal and spin-coated for one minute (3500 

r/min). Third, the coated quartz crystals were placed under 

ultraviolet irradiation (λ=365 nm) under nitrogen for 30 min for 

polymerization. Finally, the film-coated quartz crystals were 

repeatedly rinsed with ethanol and redistilled water. 

Verification of glucose sensitivity 
A quartz crystal coated with a glucose-sensitive hydrogel film was 

dried with nitrogen and installed into the flow cell of the QCM 200 

system. PBS (0.1 mol/L) was pumped into the flow cell continuously, 

and the frequency of the crystal was monitored in real time using the 

QCM data acquisition software. After the frequency was stabilized 

(frequency shift ≤  ±2 Hz in 10 min), we evaluated the glucose 

detection capacity of the material. Solutions (3 mL) of increasing and 

then decreasing glucose concentrations (from 0.0 to 33.3 mmol/L 

with PBS, and then in reverse) were pumped into the flow cell every 

10 min, and the frequency shift ΔF was recorded for each glucose 

concentration. Several cycles of this experiment were conducted 

under different pH levels from 7.0 to 7.5 to mimic the human 

interstitial fluid environment. Further experiments were conducted 

to verify the reversibility of the film by repeatedly pumping glucose 

solutions of 0.0 and 3.9 mmol/L concentrations into the flow cell. 

Biological experiment 

All animal experiments were performed complying with the National 

Institutes of health (NIH) guidelines for the care and use of laboratory 

animals of National Center for Nanoscience and Technology Animal 

Study Committee’s requirements and according to the protocol 

approved by the Institutional Animal Care. 

Cell toxicity  

(1) Quantitative evaluation: 

The culture medium used in the experiment was the dulbecco's 

minimum essential medium (DMEM) culture medium containing 10 % 

fetal bovine serum (FBS) and 1 % penicillin-streptomycin. The 

detailed operational procedures for the MTT assay are as follows: (1) 

Extraction: Each chip was soaked in 4 mL of culture medium and 

extracted at 37°C for 24 h. The same conditions were treated with 

negative contrast (high density polyethylene) and reagent contrast 

(under the condition of without test materials, according to the 

extraction conditions and test steps to get the extraction medium). 

(2) Cell inoculation: A single cell suspension was prepared in culture 

medium, and 5000 cells were seeded in 96 well plates with a volume 

of 200 μL per well. (3) Extraction solution treatment: Culture medium 

was removed after cells fully adhered to the plate wall, and 200 μL 

of leaching solution was added to each well. The different 

concentration leaching solution (25 %, 50 % or 100 %) was obtained 

by diluting the culture solution. Cells were cultured 24 h and 48 h 

after the addition of the extraction solution. For all experiments, 

three replicate chips were used for each data point, and six parallel 

wells were used for each dilution. (4) Color reaction: MTT was 



 

                                                     

dissolved in PBS (pH 7.4), and 20 μL (5 mg/ml) was added to each 

well. (5) Termination reaction: Cells were incubated in MTT for 4 h, 

Subsequently, the supernatant was removed and 150 μL of 

dimethyl sulfoxide was added to each well to dissolve the crystals, 

and the plate was placed on the shaker with low-speed oscillation. 

(6) Colorimetric detection: The absorbance was detected by the 

enzyme-linked immune sorbent assay (ELISA) at a wavelength of 492 

nm wavelength, and the relative increment rate 

(RGR=(Aexperiment/Areagent)×100 %) were calculated. For 

quantitative evaluation of cytotoxicity, the following metrics were 

used: level 0, ≥100 % or higher; level 1,75~99 %; level 2, 50~74 %; 

level 3, 25~49 %; level 4, 1~24 %, level 5, 0. 

(2) Qualitative evaluation 

Cells were seeded in 6-well plates and were cultured under 5 % CO2 

at 37°C in the incubator. After the cells had adhered to the plate, they 

were incubated in the extracted solution for 24 h and were then 

evaluated by microscopy for cell morphology, vacuolization, loss, cell 

dissolved, and membrane integrity, and were scoring accordingly. 

The scoring method was as follows: 0, no cell toxicity; 1, mild 

cytotoxicity; 2, moderate cytotoxicity; 3, severe cytotoxicity.  

Implant experiment 

Test samples and control samples (high-density Teflon) were 

implanted subcutaneously in the backs of rats. A total of 12 rats were 

used (six male, six female), and each group receiving implants for 7 

days. After implantation, rats were observed and evaluated daily. 

After 7 implantation period, twelve rats were sacrificed to visualize 

the implant and the surrounding tissues. Paraffin sectioning, HE 

staining, and light microscopy were performed to evaluate the 

degree of tissue reaction. Additionally, the surface morphology of 

the chip was evaluated for any changes post-implantation. Chips that 

exhibited any changes in morphology, film position, decomposition, 

or extensive presence of biomass were considered to fail the 

implantation test. 
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