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a b s t r a c t

A series of glucose-sensitive hydrogels based on glycidyl methacrylate modified dextran (Dex-G),
ethylene glycol acrylate methacrylate modified concanavalin A (Con A–E) and poly (ethylene glycol)
dimethacrylate (PEGDMA) were synthesized by photopolymerization. The Dex-G precursor was pre-
pared through ring-opening reaction, while Con A–E was obtained from Michael addition reaction. FT-IR
was used to characterize the structures of pre-polymers and hydrogels. The degree of substitution (DS)
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of Dex-G was confirmed by H NMR and the activity of modified Con A was approved by fluorescence
spectroscopy. Swelling test, component loss measurement and SEM observation demonstrated that the
size of hydrogels changed differently in the medium of different glucose concentrations and the glucose
sensitivity was influenced by the content of component, especially PEGDMA. SEM image also displayed
that hydrogels had microporous structures. All the results indicated that the hydrogels had glucose-
sensitive property and good biocompatibility, which could be prospectively applied as glucose biosensor

livery
and intelligent insulin de

. Introduction

Stimuli-sensitive hydrogels, also known as “smart” or “intel-
igent” materials, which can sense environmental changes and
nduce structural changes by themselves, have attracted consid-
rable attention in the biomedical and biochemical areas (Miyata,
ragami, & Nakamae, 2002). Glucose-responsive hydrogels, which
xhibit swelling changes in response to glucose concentration, are
ery useful for applications such as biosensing, microfluidics and
io-microelectromechanical systems, as well as implantable drug
elivery systems for diabetes management applications (Kost &
anger, 2001; Qiu & Park, 2001; Robert & Nicholas, 2003). Four types
f glucose-sensitive hydrogels have been intensively investigated,
hich are on the basis of glucose oxidase (Qi et al., 2009), con-

anavalin A (Che, Liu, Huang, Wang, & Xu, 2008; Kim & Park, 2001),
henylboronic acid (Jin et al., 2009; Matsumoto, Ikeda, Harada, &
ataoka, 2003) and glucose binding protein (Jason et al., 2009).

Concanavalin A (Con A), a sugar-binding lectin from jack bean,

hows reversible strong affinity for non-reducing �-d-mannose,
-d-glucose, N-acetyl-d-glucosamine and polysaccharide as dex-

ran with unmodified hydroxyl groups at C-3, C-4 and C-6, and
he competitiveness of these substrates decrease following the

∗ Corresponding author. Fax: +86 1064421310.
E-mail address: niejun@mail.buct.edu.cn (J. Nie).

144-8617/$ – see front matter © 2010 Elsevier Ltd. All rights reserved.
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carrier.
© 2010 Elsevier Ltd. All rights reserved.

sequence mentioned above, which makes it useful for fabricating
glucose-sensitive systems (Kim & Park, 2001). Many researches,
such as Obaidat and Park (1997), Ballerstadt and Schultz (1998),
and You, Lu, Li, Zhang and Li (2002), have reported Con A reacted
with polymers containing terminal or pendant glucose moieties
to form glucose-sensitive hydrogels. However, these hydrogels are
vulnerable to component loss, especially Con A loss, which could
lead to weak glucose sensitivity and undesirable biocompatibility.
Therefore, it is necessary to develop efficient crosslinking hydro-
gels and covalently immobilize Con A to polymer matrix. Some
investigations have developed Con A covalent-binding gels by using
carbodiimide reaction, ring-opening reaction and Schiff base reac-
tion (Ladmiral et al., 2006; Tanna, Joan Taylor, Sahota, & Sawicka,
2006; Tanna, Sahota, Clark, & Taylor, 2002; Tanna, Sahota, Sawicka,
& Taylor, 2006; Zhang, Tang, Bowyer, Eisenthal, & Hubble, 2006).
Hydrogels obtained from these approaches have been shown to
resist component loss and maintained glucose sensitivity to a cer-
tain extent. But available modification of protein calls for mild
synthetic condition and high reaction efficiency. More efficient way
to modify Con A and crosslink hydrogel components should be
investigated.
Hence, here we introduced Michael addition reaction of Con A
and ethylene glycol acrylate methacrylate (EGAMA) at room tem-
perature to covalently bind Con A efficiently, then form hydrogel
matrix with glycidyl methacrylate modified dextran (Dex-G) and
the crosslinker poly (ethylene glycol) dimethacrylate (PEGDMA)

http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:niejun@mail.buct.edu.cn
dx.doi.org/10.1016/j.carbpol.2010.04.075
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y using photopolymerization. Dextran, composed of �-d-glucose
esidues, is polysaccharide with favorable biocompatibility and has
een used in various biomedical applications (Sarmento, Ribeiro,
eiga, & Ferreira, 2006). Glycidyl methacrylate modification of dex-

ran has been a complimentary method to develop immobilized
extran hydrogels with the objective of biomaterial applications
Lee, Boettiger, & Composto, 2008). PEGDMA is an unsaturated
inear polyether with methacrylate double bonds that can be
rosslinked by photopolymerization. Cross-linked PEGDMA, which
ave been successfully used by several groups both in vitro and in
ivo, have been shown to be biocompatible (Lin-Gibson et al., 2004;
hou, Yang, Nie, Ren, & Cui, 2009).

In this study, hydrogels with glucose-sensitive property and
mproved biocompatibility on the basis of methacrylate derivatives
f dextran and Con A were fabricated. We first prepared the pre-
ursors of Dex-G and Con A–E, followed by cross-linking hydrogels
hrough UV-polymerization. FT-IR was recorded to assess the struc-
ures of pre-polymers and hydrogels. The degree of substitution
DS) of Dex-G was confirmed by 1H NMR and the activity of mod-
fied Con A was approved by fluorescence spectroscopy. Swelling
est, component loss measurement and SEM were used to study the
lucose sensitivity, the effect of hydrogel compositions, the advan-
age of Con A modification, and the microstructures of different
ydrogels.

. Methods

.1. Materials

Dextran (M̄w 40 kDa) was obtained from Sinopharm Chemical
eagent Co., Ltd (Shanghai, China). Concanavalin A (Con A; type IV,
xtracted from Jack Bean, M̄w 102 kDa, BR) and d-glucose anhy-
rouse (AR) were purchased from Yuanju Bio-Tech Co., Ltd (Shang-
ai, China). Acryloyl chloride was supplied by Shanghai Chemical
eagents Company (China). 2-Hydroxyethyl methacrylate (HEMA)
as purchased from Beijing Chemical Reagents Company (China),
istilled under reduced pressure and stored at 4 ◦C until use.
hloroform and triethylamine were also obtained from Beijing
hemical Reagent Company (China). 4-(N,N-dimethylamino) pyri-
ine (DMAP, 99%) was purchased from J&K chemical, Ltd., Beijing,
hina. Glycidyl methacrylate (GMA) and polyethylene glycol (600)
iamethacrylate (PEGDMA) were donated by Sartomer Company,

nc., USA, and used without further purification. The photoinitiator
-hydroxy-1-[4-(hydroxyethoxy) phenyl]-2-methyl-1-propanone
Irgacures 2959) was offered by Ciba-Geigy Chemical Co. (Switzer-
and). Other reagents were all obtained from Beijing Chemical
gent Co. (Beijing, China) and used as received.

.2. Synthesis of methacrylated dextran
Methacrylated dextran (Dex-G), was synthesized according to
he literature (van Dijk-Wolthuis et al., 1995) with slight modifi-
ation. Dextran (5.0 g) was dissolved in DMSO (50 mL) in a round
ottom flask under nitrogen purge, followed by adding DMAP

able 1
eight ratio of reactant and glucose-sensitive swelling behaviors of hydrogels.

Sample code Dex-G/Con A–E
(weight ratio)

PEGDMA/(Dex-G + Con
A–E) (weight ratio)

Hydrogel-1 10/3 1/10
Hydrogel-2 10/10 1/10
Hydrogel-3 10/1 2.5/10
Hydrogel-4 10/5 2.5/10
Hydrogel-5 10/10 2.5/10
Control samplea 10/10 2.5/10

a Control sample used unmodified Con A instead of Con A–E.
b ESR of hydrogel-1, hydrogel-2 and control sample were maximum swelling ratio, sin
mers 82 (2010) 412–418 413

(1.0 g) and GMA (1.0 g) to get a clear solution. The reaction took
place at 33 ◦C under stirring for 48 h, after which it was stopped
by adding HCl to neutralize the DMAP. Subsequently, the solution
was poured into 200 mL of ethanol to remove the unreacted reac-
tant, filtrated to collect solid, then dialyzed against distilled water
at 4 ◦C for 4 days. The product Dex-G was freeze-dried and stored
at −20 ◦C before use with yield of 80%.

2.3. Synthesis of methacrylated Con A

Ethylene glycol acrylate methacrylate (EGAMA) was first pre-
pared according to the previously reported method (Kumar,
Muzzarelli, Muzzarelli, Sashiwa, & Domb, 2004). Briefly, 105 mL of
triethylamine and 83.81 g of HEMA were dissolved in 250 mL of
toluene in a three-necked flack equipped with stirrer, thermome-
ter and dropping funnel, under cooling. 79.79 g of acryloyl chloride
dissolved in 50 mL of toluene was dropped into the mixture within
4 h. After dropping, the mixture was allowed to stir for another
4 h and then stand overnight. The obtained solution was filtered
and then the filtered liquid was extracted three times with 1 mol/L
HCl, 1 mol/L NaHCO3 solution and deionized water, respectively,
then anhydrous Na2SO4 was added overnight to get rid of residual
water. In the end, toluene was removed by rotary evaporation and
the obtained yellow liquid was dried under vacuum at room tem-
perature, then purified by silica gel column chromatography. The
yield was up to 70%.

Methacrylated Con A (Con A–E), was then synthesized through
Michael addition reaction. 0.5 g of Con A was dissolved in 200 mL
phosphate buffer solution (PBS, pH 7.4). 0.15 g of EGAMA dissolved
in 1 mL ethanol was then dropped into the solution and stirred for
36 h at room temperature. After that, the solution was extensively
dialyzed against distilled water at 4 ◦C for 5 days and freeze-dried
to get pure Con A–E with yield of 66%. The product was stored at
−20 ◦C before use.

2.4. Preparation of photo-crosslinked hydrogel

The hydrogel was prepared by first mixing Dex-G with Con A–E
solution (PBS, pH 7.0, 0.1 M KCl, 0.1 mM CaCl2, 0.1 mM MnCl2, 6 h
before utilization to allow the reactivation of the denatured lectin
by Ca2+ and Mn2+) for 3 h, then adding PEGDMA and photoinitiator I
2959 (0.1 wt%) to get a final mixture. After mild stir and ultrasonica-
tion, the mixture was transferred into a flat mold consisting of two
glass plates (25 mm × 25 mm) separated by a 2-mm thick spacer
(diameter 12 mm), and then exposed to ultraviolet light (365 nm,
EXFO lite, EFOS Corporation, Mississauga, Canada) at intensity of
30 mW/cm2 for 3 min. Subsequently, the resultant hydrogels were
washed with distilled water to remove the unreacted components,

then freeze dried and stored at 4 ◦C prior to use.

The final concentration of reactant in the mixtures was about
12 wt% for all polymerized mixtures, and hydrogels with differ-
ent weight ratio of Dex-G, Con A–E and PEGDMA were synthesized
here, which was listed in Table 1. The hydrogel using unmodified

ESRb (in glucose
0 mg/mL)

ESRb (in glucose
4 mg/mL)

TESR (min) RI

4.22 3.64 3 −0.58
4.56 3.83 2 −0.73
3.51 3.56 15 0.05
4.58 4.79 20 0.21
4.36 4.67 25 0.31
4.23 4.58 7 0.35

ce these three could not achieve equilibrium owing to component loss.
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on A, with a composition as the same with hydrogel-5, was also
repared as control (named control sample).

.5. Structural characterization of Dex-G, Con A–E and the
btained hydrogels

Fourier transform infrared (FT-IR) spectra, recorded on the
icolet 5700 instrument, were used to confirm the structure of
ex-G, Con A–E, and various hydrogels. Samples were prepared
s KBr pellet and scanned against a blank KBr pellet background
t wavenumber ranging from 4000 to 650 cm−1 with resolution of
.0 cm−1.

The structure and DS of Dex-G were investigated by 1H nuclear
agnetic resonance (NMR) with a BrukerAV600 unity spectrome-

er operated at 600 MHz, with D2O as solvent and tetramethysilane
TMS) as the internal standard.

The activity of Con A–E was determined by analysis of the
tructure stability of Con A–E by using a Hitachi F-4500 Fluores-
ence spectrophotometer at an excitation wavelength of 278 nm
nd emission wavelength of 337 nm. The resulting spectrum was
ompared to unmodified Con A.

.6. Swelling behaviors of hydrogels

The swelling ratio (SR) of hydrogel samples was analyzed by
eeping immersed the hydrogels at 37 ◦C (±0.5 ◦C) in PBS (pH 7.4)
ith different glucose concentrations (0 and 4 mg/mL) while shak-

ng (100 r/min). At appropriate time intervals, samples were taken
ut and the surplus surface water was removed by filter paper. The
umid weight was then measured carefully. SR of a sample was
alculated as follows:

R = Wt − W0

W0
(1)

here W0 is the initial dry weight and Wt is the wet weight at time
, respectively.

When a hydrogel reaches its swelling equilibrium state for a
xed period of time, the swelling ratio is called equilibrium swelling
atio (ESR). According to the previous article (Wang et al., 2010), we
efined responsive index (RI) here to personify glucose sensitivity
f the hydrogel:

I = ESR(in glucose 4 mg/mL) − ESR(in glucose 0 mg/mL) (2)

here ESR(in glucose 4 mg/mL) and ESR(in glucose 0 mg/mL) are the equilib-

ium swelling ratio of hydrogels in different medium of PBS (pH
.4) with glucose concentrations of 4 and 0 mg/mL, respectively.
he time to reach equilibrium swelling was named TESR. The results
ere also listed in Table 1. All measurements were replicated three

imes.

Fig. 1. Reaction process of Dex
mers 82 (2010) 412–418

RI was defined as the difference between equilibrium swelling
at different glucose concentrations. Increasing in RI indicated that
the difference enhanced and the glucose sensitivity of the hydrogels
increased accordingly.

2.7. Characterization of Con A (or Con A–E) loss

Concanavalin A (or Con A–E) was apt to leach out from the
hydrogels during swelling process. Leached Con A from different
hydrogels was measured by the fluorescence spectrophotometer
at an emission wavelength of 337 nm. The ratio of Con A loss was
calculated as the ratio of fluorescence intensity at 337 nm in the
medium of PBS (pH 7.4) with glucose concentrations of 4 and
0 mg/mL.

2.8. Characterization of morphology and porosity

The morphologies and pore structures of different hydrogels
were observed by a Hitachi S-4700 scanning electron microscopy
(SEM) at an accelerating voltage of 10 kV. Prior to the observation,
specimen were fixed on stubs with sputter coated with gold.

3. Results and discussion

3.1. FT-IR and 1H NMR characterization of Dex-G

Dex-G was achieved by ring-opening reaction of glycidyl
methacrylate with dextran (see Fig. 1a). The efficient method to
obtain dextran with polymerizable groups has been described by
van Dijk-Wolthuis et al. (1995). FT-IR spectra confirmed the struc-
ture of Dex-G (see Fig. 2a). The increase of peaks at 1714 and
810 cm−1 in the spectrum of Dex-G corresponded to the methacry-
late carbonyl and vinyl groups (C O stretch and C H stretch of

C CH2) respectively, which was similar to the character peaks of
GMA (1725 and 810 cm−1). The result indicated that the methacry-
late double bonds of GMA were introduced to the side-chain of
dextran (Lee, Boettiger, & Composto, 2008).

The 1H NMR spectra of dextran and Dex-G in D2O were shown
in Fig. 2b. In the spectrum of dextran, the signal from the anomeric
proton of the glucopyranosyl ring, also known as the proton at
the anomeric carbon of the �-1,6 linkages (Ha, at 4.9 ppm) was
well separated from the multiplet peaks from 3.3 to 4.0 ppm. The
low-intensity signal at 5.3 ppm was assigned to the proton at the
anomeric carbon of the �-1, 3 linkages (Ha′

). From the ratio of the

integrals of 5.3 and 4.9 ppm, on the average 4.0% of �-1,3 linkages
was calculated, which was common for the dextran used in this
study. In the spectrum of Dex-G, the signals from the methacryloyl
group were observed at 1.95 ppm (methyl protons, Hb) as well as at
5.75 and 6.2 ppm (protons at the double bond, Hc), having an inte-

-G (a) and Con A–E (b).
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Fig. 2. (a) FT-IR spectra of GMA, dextran, Dex-G and (b

ral ratio of 3:2 as expected. According to the assignment of the 1H
MR spectra, the DS of Dex-G was calculated as 100X/Y (van Dijk-
olthuis et al., 1995), in which X was the average peak area of the

rotons at the double bond, and Y was the integral of the anomeric
roton at 4.9 ppm with addition of 4.0% of �-1,3 linkages. The DS
ere was about 19.

.2. Structure and activity of Con A–E

Modification of protein calls for mild conditions to inhibit the
enaturation during the process. Here, Michael addition reaction
as used to obtain methacrylated Con A (Con A–E), making the

mino groups of protein react with the acrylate double bonds of
GAMA (see Fig. 1b). The whole process was taken place under
oom temperature in PBS (pH 7.4), therefore the activity of Con A
ould be protected.

FT-IR was used to analyze the structure of unmodified and mod-
fied Con A (Tanna et al., 2006a,b). Fig. 3a demonstrated the FT-IR
pectra of EGAMA, Con A and Con A–E. Comparing to Con A, Con
–E showed two new character peaks similar to EGAMA, one at
720 cm−1 which could be attributed to ester bond formation, the
ther at 810 cm−1 which was due to the wagging of the vinylidene
C CH) deformation. The result indicated that the acrylate double
ond of EGAMA had reacted with NH2 group of Con A. However,

he Con A–E had a very small peak area at 810 cm−1 and this could
e owing to the derivatised lectin having a low DS.

Fluorescence spectrophotometer was used to evaluate the con-
ormational changes of protein (Amidi et al., 2008; Murali &
ayakumar, 2005). Fig. 3b showed the fluorescence spectra of

Fig. 3. (a) FT-IR spectra of EGAMA, Con A, Con A–E and
MR spectra of dextan and Dex-G with D2O as solvent.

unmodified and modified Con A, which revealed the tertiary struc-
ture. Con A–E and Con A displayed similar peaks with an emission
maximum at 337 nm, indicating that the tertiary structure of Con A
was not distorted. It could be inferred that the methacrylated Con
A stayed active.

3.3. FT-IR spectra of hydrogels

The obtained hydrogels were analyzed by FT-IR (Fig. 4). The peak
originating from the methacylate double bond (810 cm−1) disap-
peared after polymerization, indicating that the hydrogels were
successfully cross-linked by UV light. A more prominent carbonyl
peak (1720 cm−1) was observed in hydrogel-5 compared to control
sample, which could be attributed to the generated methacrylate
substitute of Con A–E. From the spectra of hydrogel-1 to hydrogel-
5, there were no novel peaks and no significant peak shifts occurred
in these hydrogels, but slightly increase in carbonyl peak area with
the increscent of Con A–E and PEGDMA content.

3.4. Glucose-sensitive swelling behaviors

According to present research (Zhang et al., 2006), hydrogels
obtained from dextran and Con A have the ability to change in
response to different glucose concentrations in the environment,

which is due to the reversible specific lectin–saccharide binding
property. In this study, the swelling property of various hydrogels
in the medium of different glucose concentrations (0 and 4 mg/mL)
has been investigated (Table 1). The effect of Con A–E content on
swelling behavior could be observed. For hydrogels with the same

(b) fluorescence spectra of Con A and Con A–E.
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the study of polymerizing dextran and Con A (Tanna, Taylor, &
Adams, 1999; Taylor, Tanna, & Sahota, 2008). Fig. 6 displayed the
comparison of Con A (or Con A–E) loss from different hydrogels.
It could be observed that the ratio of Con A loss from hydro-
gels contained Con A–E was much lower than that from control
ig. 4. FT-IR spectra of different hydrogels obtained from photopolymerization.

ompositions of Dex-G and PEGDMA (hydrogel-3 to hydrogel-5),
I increased with the increase of Con A–E content, thus the glucose
ensitivity of the hydrogels increased accordingly, demonstrating
hat the glucose sensitivity of the hydrogels was strongly associated
ith the content of Con A–E.

Moreover, from Table 1 it could be seen that the swelling behav-
or was also influenced by the content of PEGDMA, which was used
s the cross-linking agent. In hydrogel-1 and hydrogel-2, the hydro-
els reached a maximum swelling ratio very fast, within only a
ew minutes, then the swelling ratio decreased, even could not
chieve equilibrium and the phenomenon was much more appar-
nt in the presence of glucose. This was probably caused by the
eakage of uncoupled components, especially the Con A–E with low
S. With the increase of PEGDMA (hydrogel-3 to hydrogel-5), the
ross-linking density increased, resulting in more opportunities of
on A–E binding in the hydrogel and thereby much more obvious
lucose sensitivity.

Fig. 5 depicted the dynamic swelling behavior of control sam-
le and hydrogel-5 in PBS (pH 7.4) with glucose concentrations
f 0 and 4 mg/mL. For both hydrogels, water-absorbing was per-
ormed dramatically at the very beginning of swelling process, no

atter glucose existed or not, on account of the high hydrophilic
omponents of the hydrogels. But the swelling ratios in glucose
olution were much higher than that in PBS (pH 7.4) solution,
hich could be attributed to that glucose competed with dextran

or the binding site of Con A protein, resulting in the disconnec-
ion of lectin–saccharide crosslinking in the hydrogels. However,
ompared to control sample (Fig. 5a), the swelling ratio of which in
lucose 4 mg/mL stayed increase for only less than 10 min and then
ecreased significantly, hydrogel-5 (Fig. 5b) showed stable glucose-
ensitive swelling behavior, which might be mainly owing to the
hoto-crosslinking of Con A–E prevented the leakage of lectin. The
esult indicated that hydrogel made from Con A–E maintained sen-
itivity to glucose and developed better swelling ability than that
ade from unmodified Con A.

.5. Comparison of component loss

Component loss, mainly Con A loss, was the primary problem

hich restricted the glucose sensitivity of the hydrogels obtained

rom dextran and Con A. In the present researches, dextran–Con
hydrogels showed component loss in the receptor fluid, as

onitored at 276 nm in the in vitro diffusion experiments, and
Fig. 5. Dynamic swelling behavior of control sample (a) and hydrogel-5 (b) in PBS
(pH 7.4) with glucose concentrations of 0 and 4 mg/mL.

crosslinking to prevent component loss was the main purpose in
Fig. 6. Comparison of the ratio of Con A loss from different hydrogels.



R. Yin et al. / Carbohydrate Polymers 82 (2010) 412–418 417

swelli

s
P
A
i
b
a
g

3

g
g
n
i
t
a
s
l
c
g

4

C
c
s
c
t
o
k
r
s
a

Fig. 7. SEM images of freeze drying hydrogels after just photo-crosslinking (a),

ample and the ratio decreased with the increscent content of
EGDMA. This could be ascribed to the covalent binding of Con
–E to the hydrogels and more bonding opportunities with the

ncrease of double-bond density. The result demonstrated that
onding Con A–E into hydrogels could efficiently reduce the leak-
ge thus improved the biocompatibility and retained preferable
lucose sensitivity.

.6. Hydrogel morphology and porosity

The morphologies and pore structures of freeze drying hydro-
els after just photo-crosslinking and swelling in PBS (pH 7.4) with
lucose concentrations of 0 and 4 mg/mL, were observed by a scan-
ing electron microscopy. Using hydrogel-4 as an example, the

mages were shown in Fig. 7. From Fig. 7a, it could be found that
he photo-crosslinking hydrogel had a microporous surface and

co-continuous open porous structure, leading to high internal
urface areas. Moreover, the hydrogel network became looser and
ess compact from Fig. 7a–c, indicating that glucose in the medium
ould accelerate the shape change of hydrogel, which was also in
ood agreement with the swelling experiment.

. Conclusions

Photo-crosslinked glucose-sensitive hydrogels based on Dex-G,
on A–E and crosslinking agent, PEGDMA, were synthesized and
haracterized. The results of swelling test, component loss mea-
urement and SEM observation showed that the size of hydrogels
hanged differently in the medium of different glucose concentra-
ions and the glucose sensitivity was influenced by the content

f component, especially PEGDMA. Methacrylated Con A here
ept the activity of reversible binding to saccharide and could
educe the leakage of lectin, therefore improved the glucose-
ensitive property and biocompatibility of hydrogels. SEM image
lso displayed that hydrogels had microporous structures. These
ng in PBS (pH 7.4) with glucose concentrations of 0 mg/mL (b) and 4 mg/mL (c).

glucose-sensitive hydrogels have the potential to be used as glucose
biosensor and intelligent insulin delivery carrier.
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