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Abstract

Injectable hydrogels have been widely used for a number of biomedical applications. Here, we 

report a new strategy to form an injectable and glucose-responsive hydrogel using the boronic 

acid–glucose complexation. The ratio of boronic acid and glucose functional groups is critical for 

hydrogel formation. In our system, polymers with 10–60% boronic acid, with the balance being 

glucose-modified, are favorable to form hydrogels. These hydrogels are shear-thinning and self-

healing, recovering from shear-induced flow to a gel state within seconds. More importantly, these 

polymers displayed glucose-responsive release of an encapsulated model drug. The hydrogel 

reported here is an injectable and glucose-responsive hydrogel constructed from the complexation 

of boronic acid and glucose within a single component polymeric material.
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Graphical abstract

Hydrogels have been broadly used for biomedical applications, including drug delivery and 

tissue engineering.1–3 Injectable hydrogels that flow under modest pressure and exhibit self-

healing recovery following cessation of pressure offer many advantages for medical 

applications. Specifically, injectable implantation can be self-administered and is minimally 

invasive, leading to improved patient compliance.1 Injectable hydrogels have been used in 

medical practice, with examples such as hylaform gel, a chemically modified hylauronic 

acid for facial rejuvenation, that have received FDA approval.4 In addition, a number of 

injectable hydrogels have been evaluated preclinically or in early stage clinical trials, 

including hydrogels for cancer therapy and bone repair.5 In order to prepare injectable 

hydrogels, a variety of cross-linking mechanisms have been leveraged, including in situ 
covalent cross-linking as well as physical cross-linking that include salt bridges, peptide 

interactions, molecular recognition motifs, and/or van der Waals forces.2,5 Preparing 

hydrogels with cross-links that can respond to a specific biologic stimulus, such as elevation 

of blood glucose levels in diabetes, could further expand the utility of this class of material 

in preparing new therapies.

Early efforts to prepare glucose-responsive materials for insulin delivery evaluated the 

complexation of a glycosylated insulin derivative with the lectin concanavalin A (Con A), a 

natural carbohydrate binding protein.6–8 The competitive binding to Con A of glucose and 

glycosylated insulin regulates the breakdown of the complex, leading to glucose-responsive 

insulin release.9–11 However, possible immunogenicity of Con A, as well as a requirement 

for a special modified insulin derivative, would prove limiting to the translation of this 

approach.12 Another method to prepare glucose-responsive materials utilizes the enzymatic 

actuation, leveraging the catalytic conversion of glucose into gluconic acid by glucose 

oxidase. The drop in pH that arises through this conversion can be used to trigger hydrogel 

swelling, leading to the release of encapsulated insulin.13,14 This method has been widely 

used in a number of insulin delivery systems, including injectable networks.8,15–18 However, 

this strategy also has risks associated with enzyme immunogenicity along with toxicity of 

the hydrogen peroxide byproduct produced in the conversion.

Phenylboronic acids (PBAs) are Lewis acids that can bind reversibly to cis-1,2 or cis-1,3 

diols, including glucose, to form a stable five-membered ring complex.19 In 1959, Lorand 

and Edwards reported the first quantitative study describing the complexation of boronic 

acids and polyols.20 Extensive studies since this time have investigated the binding affinity 

of boronic acids with different diols including fructose, glucose, and other sugars.19,21,22 

Kataoka and co-workers have reported on the synthesis of numerous PBA-containing 

polymers and evaluated these for glucose responsiveness.23,24 When these polymers are 
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combined with poly(vinyl alcohol), a hydrogel is formed through PBA–diol complexation 

that can sense changes in glucose levels with the release of encapsulated insulin.24 These 

studies explored polymers prepared from various acrylamide and modified PBA monomers, 

several of which are responsive to changing glucose concentrations.25–27 However, little is 

known about their mechanical properties including injectability.

On the basis of previous work in the preparation of glucose-responsive polymeric hydrogels 

from PBA–diol complexation,28 we endeavored to design a hydrogel leveraging cross-

linking between PBA and glucose-like diols that could be injectable (i.e., self-healing) 

(Figure 1). In this system, polymers containing multiple PBA groups would cross-link 

through interaction with multiple glucose units installed within the same polymer to form a 

stable hydrogel network. This PBA–glucose complexation is reversible, enabling the 

preparation of an injectable self-healing hydrogel as verified through rheological 

measurements. Herein, we report a hydrogel cross-linked via the complexation of PBA and 

glucose that exhibits injectable self-healing properties, and this is accomplished through a 

single component polymeric material.

To incorporate boronic acid and glucose functional groups within the same polymer, we 

designed a synthetic route that used radical polymerization (Figure 1C). The PBA-

containing monomer (monomer B) was copolymerized with a Boc-protected monomer 

(monomer C) using azobis-(isobutyronitrile) (AIBN) as an initiator in methanol, affording 

polymer BC. This polymer was subsequently treated with trifluoroacetic acid (TFA) to 

remove the Boc protecting group, yielding polymer BC-NH2. Finally, reductive amination of 

polymer BC-NH2 in combination with glucose at room temperature gave the final product, 

polymer (3-propionamidophenyl)boronic acid (N-(3-((2,3,4,5,6-

pentahydroxyhexyl)amino)propyl)propionamide) (polymer BG).29 Eleven different 

polymers (BG 1–11) were obtained by varying the ratio of monomers B and C in the initial 

polymerization, and structures of all polymers, including BC and BC-NH2 precursors, were 

confirmed with 1H NMR (Supporting Information).

Next, we explored hydrogel formation in water and quantified mechanical properties. 

Polymers BG 5–10 formed self-supporting hydrogels at 5% by weight in water (Figure 2A), 

while polymers BG 1–4 and 11 were in either solid or liquid state in water (Supporting 

Information Table 1). Addition of glucose to the deprotected primary amines is essential for 

hydrogel formation, as a control polymer of BC-NH2 does not form a hydrogel. This 

supports PBA–glucose complexation as the mechanism for hydrogel formation. Using a 

standard syringe and needle, hydrogel BG-5 could be loaded and easily extruded through the 

needle, reforming a hydrogel after extrusion (Figure 2B). Cryogenic SEM imaging revealed 

the hydrogel to have a homogeneously porous structure, with a pore size around 1 um 

(Figure 2C).

Polymers prepared with 10–60% of the PBA-containing monomer B are required for 

hydrogel formation. Characterization of these hydrogels by rheology showed minimal 

differences in mechanical properties for hydrogels prepared from BG 5–10 (Figure 3 and 

Supporting Information Figure 1). The frequency dependence of the storage and loss moduli 

(G′ and G″, respectively) is characteristic of a typical hydrogel, as the G′ and G″ curves 
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are linear and parallel and G′ is dominant across the range of frequencies measured (Figure 

3A). Step–strain measurements were also performed in order to investigate the recovery time 

of the hydrogel BG 6 following deformation at high strains. The hydrogel structure is broken 

using high-magnitude stain (ε = 500%), and then reforms with complete restoration of 

properties following a shift to a low magnitude strain (ε = 0.5%). This recovery occurs 

rapidly, within seconds, indicative of shear-thinning and self-healing behaviors consistent 

with an injectable hydrogel.

We further studied glucose-responsive release of hydrogels BG 5–10 using rhodamine B as a 

model drug compound (Figure 3D). Rhodamine B was incorporated into hydrogels by using 

a solution of this small molecule in water to hydrate BG 5–10, which then spontaneously 

forms hydrogels. Hydrogels were then incubated in different concentrations of glucose (1 

and 20 g/L). BG 6 released a higher amount of rhodamine B in a 20 g/L solution than that in 

1 g/L glucose and PBS only solutions (Figure 3D). These results suggest glucose-responsive 

release for these hydrogels.

In summary, injectable hydrogels have broad potential for biomedical applications. Using 

complexation between phenylboronic acid and glucose, hydrogels were formed that are both 

injectable and glucose responsive. These polymers may have potential application for 

sensors to monitor blood glucose levels.

EXPERIMENTS

General Methods
1H NMR spectra were measured on a 300 and 500 MHz Varian spectrometer using TMS as 

the internal standard. Gel permeation chromatography (GPC) was carried out in H2O on 

glucose-modified divinylbenzene columns, both utilizing a Malvern Viscotek TDA 305 

triple detection system.

General Procedures of Polymer Synthesis

A heating block which can hold 20 mL vials was preheated to 65 °C. Twenty mL of glass 

vials with septa were used in a multireaction setup. 3-(Acrylamino)phenylboronic acid (A) 

and tert-butyl (3-acrylamidopropyl)carbamate (B) in a desired ratio were dissolved in MeOH 

(3.5 mL) at rt with stirring. Nitrogen was purged in solution for 30 min. 12.5% of 2,2′-

azobis(2-methylpropionitrile) (it was recrystallized before using) was added. The solution 

was continuously degassed for an additional 30 min, heated at 65 °C with stirring for 1 day, 

and then cooled to rt. It was dropwise added to 200 mL of Et2O. The precipitate was filtered 

by suction, washed with Et2O (3 × 50 mL), and dried to get a white solid. Yield: 100% of B, 

86%; 90:10% of B/C, 82%; 80:20% of B/C, 92%; 70:30% of B/C, 91%; 60:40% of B/C, 

90%; 50:50% of B/C, 84%; 40:60% of B/C, 80%; 30:70% of B/C, 87%; 20:80% of B/C, 

68%; 10:90% of B/C, 62%; 100% of C, 78%.

General Procedures of Deprotection

To a polymer (~200 mg) were added dichloromethane (6 mL) followed by TFA (3 mL). The 

suspension was stirred at rt for 1 day. The solvents were evaporated on a rotavap. Methanol 
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was added to dissolve oily residue and evaporated subsequently. This procedure was 

repeated three times to get rid of excess TFA as much as possible to leave a white solid, 

which was dried further under high vacuum pump overnight.

General Procedures of Reductive Amination

A mixture of deprotected polymer, glucose, and sodium triacetoxyborohydride in DMF (3 

mL) and THF (6 mL) was stirred at rt for 1 day. The amount of glucose (1 equiv) and 

sodium triacetoxyborohydride (1.2 equiv) depended on the amount of B in polymer 

synthesis. The majority of the solvents were evaporated. The residue was dissolved in 

ultrapure water (~20 mL), dialyzed (MWCO 1000), and lyophilized to have a white solid.

Rheological Characterization

Rheological characterization was performed using a TA Instruments AR-G2 stress 

controlled rheometer fitted with a Peltier stage. Dynamic oscillatory strain amplitude sweep 

measurements were conducted at a frequency of 10 rad/s (unless otherwise noted). Dynamic 

oscillatory frequency sweep measurements were conducted at a 2% strain amplitude (unless 

otherwise noted). All measurements were performed using a 20 mm, four-cone geometry 

and analyzed using TA Instruments TRIOS software.

Cryogenic Scanning Electron Microscopy (Cryo-SEM)

Cryo-SEM images of gels where acquired using a Zeiss NVision 40 (Carl Zeiss SMT, Inc.) 

field emission scanning electron microscope at acceleration voltages of 1–2 kV. To prepare 

samples for imaging approximately 100 μL of microcapsules where transferred to a sample 

stub and then plunged into a slushy liquid and solid nitrogen bath. The samples were next 

transferred to an EM VCT100 vacuum cryo transfer system (Leica Microsystems, Inc.) to 

selectively remove surface water (ice) by controlled specimen sublimation. The frozen 

samples were then further fractured with a sharp blade and sputter coated with a thin layer of 

platinum and palladium metals prior to imaging.

In Vitro Release

Rhodamine B was dissolved in pure ethanol to form a stock solution at 20 mg/mL, and 

diluted down to a working drug solution of 0.5 mg/mL in Millicule water. A 10 mg portion 

of dried polymer was reconstituted in 200 ul of drug solution (0.5 mg/mL rhodamine B in 

water) and mixed thoroughly. Hydrogels formed were incubated in the solutions for 2 days 

before being used for release experiments. Hydrogels were carefully transferred to a 

permeable insert in a 24-well plate (HTS Transwell-24 well, Corning). The hydrogels were 

washed twice with 1 mL of PBS, and immersed in a buffer solution of either 1 g/L glucose 

solution or 20 g/L glucose solution in PBS. The hydrogels were then incubated at 37 °C 

without shaking. At specified time points, hydrogel was centrifuged momentarily to remove 

the buffer, and then replaced with fresh buffer solutions. Samples collected were kept at 

room temperature. Rhodamine B release was quantified using absorbance at 540 nm relative 

to a standard curve, and data points represent the mean and standard deviation of two gels 

for each setup.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Design and synthesis of injectable hydrogel based on complexation between phenylboronic 

acid (PBA) and glucose. (A) PBA forms a five-membered ring in complex with diols such as 

glucose. (B) Illustration of PBA–glucose complexation on polymer chains. (C) Synthetic 

routes to polymer BG, which can self-assemble into an injectable and glucose-responsive 

hydrogel.
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Figure 2. 
Hydrogels and their properties. (A) 5% polymer in water. Polymers BG 5–10 formed 

hydrogel in 5% water, while polymers BG 1–4 and 11 were in solid or liquid state in water. 

The control polymer BC-NH2 5 does not form a hydrogel. (B) Polymer BG 6 (50% 

PBA/50% glucose) is a soft and injectable hydrogel. (C) A cryo-SEM image of BG 6. Scale 

bar: 1 um.
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Figure 3. 
Glucose responsiveness of BG6. (A) Strain dependence (ω = 10 rad/s) of the storage and 

loss moduli of BG6. (B) Frequency dependence (ε = 2%) of the storage and loss moduli of 

BG6. (C) Step–strain measurements of BG 6 to investigate the ability of the hydrogel to 

recover following deformation at high strains. This recovery occurs completely and rapidly, 

within seconds, indicative of shear-thinning and self-healing behaviors consistent with an 

injectable hydrogel. (D) Glucose responsiveness in vitro. BG 6 released a higher amount of 

rhodamine B in a 20 g/L solution than that in 1 g/L glucose and PBS only solutions. BG 6 

(50% PBA/50% glucose).
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