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In the era of the diabetes pandemic, injectable hydrogels (HGs) capable of releasing the desired amount
of insulin under hyperglycemic conditions will significantly advance smart insulin development. Several
smart boronic acid-based polymer HGs release insulin under high-glucose conditions. However, the
correlation of insulin release characteristics with rheological properties is not well understood yet.
Herein, we report a generalized and facile fabrication strategy of a new class of glucose-responsive
hydrogels by crosslinking a biocompatible polymer, poly(vinyl alcohol) with pinacol esters of bisboronic
acids via transesterification reactions. We show the versatility of the method by fabricating four
hydrogels with diverse rheological properties. The HGs embody more than 70% water amenable for
hosting insulin in the matrix. HG with high storage modulus, derived from 1,4-benzenediboronic acid
bis(pinacol) ester releases ~3 fold less insulin compared to softer HGs derived from acetylene-1,2-diyl
bis(boronic acid pinacol ester) and bis[(pinacolato)boryllmethane under hyperglycemic conditions. We
find that HG derived from the bis[(pinacolato)boryllmethane crosslinker exhibits superior insulin release
properties due to the softness of the hydrogel matrix. We further show that the newly formulated gel is
injectable without any structural change in the released insulin molecules and does not cause
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cytotoxicity. We believe that glucose-responsive hydrogels with tunable viscoelastic properties will pave

rsc.li/materials-b the way for developing a variety of hydrogels with programmable insulin release properties.

1. Introduction
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Diabetes is an alarming health issue, with 537 million diag-
nosed adults in 2021." Subcutaneous insulin infusion (CSII) or

multiple daily injections (MDI) is the primary line of treatment
for type 1 and advanced type 2 diabetes.” The major challenges
of these methods are to administer the proper dose of insulin
to patients before a meal, so that blood glucose concentration
remains close to the desired level (4-7 mM); at the same time,
fatal drops in blood glucose level or hypoglycemic events can
be avoided.>* The inconvenience of frequent subcutaneous
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injection and the risk of insulin-induced hyperglycemia are
significant hindrances in insulin-dependent diabetes treatment
for many patients.” Therefore, active research is focused on
developing closed-loop insulin delivery systems that mimic
biological glucose-dependent insulin secretion.®”® These
glucose-responsive insulin delivery systems are designed to
release insulin according to the blood glucose levels (BGL) of
an individual without any adverse consequences. In this direc-
tion, a plethora of glucose-responsive hydrogels (HGs) that
encapsulate insulin in the matrix and release under hypergly-
cemic conditions have emerged.” Glucose oxidase (GOx),
glucose-binding lectin proteins, and phenylboronic acid (PBA)
are leveraged as glucose-sensing moieties in these HGs.'™"
Nonetheless, enzyme/protein-based glucose-responsive HGs
are less likely to be clinically translated due to their inherent
instability, immunogenicity, and cytotoxicity.?*>*

In this regard, PBA-containing HGs have shown enormous
promise for glucose-responsive insulin release.>?® The
impressive glucose responsiveness results from reversible
boronate ester formation of PBA with 1,2 and 1,3-diol moieties
of glucose, the most abundant simple carbohydrates present in
the human body.>” PBA’s chemical stability makes it suitable for
long-term use for glucose-induced insulin release under ambient
conditions without any toxicity. Flexibility in incorporating PBA
in the HGs also improves durability and reduces the cost. Due to
these advantages, several design ideas for PBA incorporation in
the HGs have been achieved. In the first design, polymer HGs
are synthesized by polymerizing PBA-containing monomers via
radical polymerization reactions.>®** Under hyperglycemic con-
ditions, there is a change in the hydrophilicity in these HGs that
leads to swelling and subsequent release of insulin. However,
these macromolecular gels are not biodegradable and therefore
are used in the form of needles or catheters.>® In situ polymer
hydrogel microneedle patches loaded with insulin is used to
control the BGL in mice and minipigs.***> In another work,
charge switchable PBA containing polymers showed promising
results in mice and pigs.>® Another design strategy uses a PBA-
grafted polymer and poly 1,3-diol/carbohydrate-containing poly-
mers to form HGs via glucose-responsive boronate ester
bonds.>”** These HGs are disintegrated under high glucose
environments due to the competitive binding of glucose with
PBA moieties. However, extensive chemical modifications are
required to fabricate such HGs that increase processing time and
cost. Recently, glucose-responsive HGs with poly(vinyl alcohol)
(PVA) crosslinked with bis-boronic acid crosslinkers have been
developed.*>** This strategy offers a relatively straightforward
crosslinking of a biocompatible polymer, PVA, with crosslinkers
containing two boronic acid moieties. Nonetheless, the insulin
release properties of all these hydrogels are not predictable.
Insulin release kinetics depends on the breakage of boronate
ester bonds which varies in number across glucose-responsive
HGs. However, HGs with preprogrammed release kinetics would
be an attractive attribute for closed-loop insulin-dependent
diabetes treatment but not yet achieved.

In this work, we aim to expand the bis-boronic acid cross-
linked glucose-responsive HG library by developing a general
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fabrication strategy. A plethora of pinacol ester of bisboronic acid
are readily available for Pd-mediated cross-coupling reactions.**
We seek to repurpose these molecules for the fabrication of
glucose-responsive HG. We postulate that pinacolato ester of
bisboronic acids would crosslink PVA via a thermodynamically
favorable transesterification reaction at room temperature and
encapsulate insulin during the gelation (Fig. 1). These crosslinks
can be of two types: interchain and intrachain. Interchain cross-
links are more likely to create elastically active bonds compared to
intrachain bonds.*® We postulated that by changing the structure
of the crosslinker, the proportion of interchain and intrachain
crosslinks can be altered.*” Further, different crosslinkers may
possess different interchain bond strengths due to their structural
differences.*®*” Therefore, HGs with different stiffness would
be achievable by merely changing the crosslinker. Due to the
difference in the number of interchain crosslink, these gels would
show different responses under hyperglycemic environment and
release entrapped insulin accordingly.

2. Materials and methods
2.1 Materials

Poly(vinyl alcohol) (PVA, M,, 89 000-98 000), phosphate buffered
saline(PBS), potassium carbonate, glucose, fructose, mannose,
galactose, glucosamine, ATTO 495 NHS ester, and acetylene-1,2-
diyl bis(boronic acid pinacol ester) were purchased from Sigma
Aldrich. Insulin was purchased from HiMedia. 1,4-Benzene-
diboronic acid bis(pinacol) ester was purchased from TCI
Chemicals. Bis(pinacolato) diboron was purchased from Avra
Synthesis. Bis(pinacolato)borylmethane was purchased from
BLD Pharma. G25 columns were purchased from GE Healthcare.
All the experiments were performed with nuclease-free water.

2.2 Preparation of HGs

PVA was dissolved in 10 mM PBS solution at 40 mg ml ™"
concentration under mild heating. Crosslinkers (L1-L4) with
100 mM concentrations were made in an ethanol-100 mM
K,CO3(1:1 volume ratio) buffer. Next, equal volumes of PVA
and crosslinker solutions were mixed thoroughly and allowed
to form gels at room temperature. Depending on the cross-
linker, gels were formed in between 1-4 hours. These HGs are
exposed to 10 mM PBS solutions with different pH and glucose
concentrations for rheological and insulin release studies.
Different pH solutions were prepared by adjusting the pH of
10 mM PBS (pH 7.5). pH was measured using a pH meter.
Glucose solutions were prepared in 10 mM PBS. The pH values
did not change after glucose solution preparation.

2.3 Turbidimetric measurements of gel formation kinetics

500 ul of PVA (40 mg ml ") and 500 pl of crosslinkers (100 mM)
were added in the 1 ml quartz cuvette and the absorbance spectra
were recorded in 5 minutes interval in a UV-Vis spectrophot-
ometer (Shimadzu, UV-2700). The gel formation led to an increase
in the absorbance throughout the 200-800 nm optical window.

This journal is © The Royal Society of Chemistry 2022
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Fig. 1 (a) Schematic representation of the glucose-responsive hydrogels developed in this study. PVA chains are crosslinked with pinacol esters of
bisboronic acid via a thermodynamically favorable transesterification reaction and entrap molecular guests. There are two different crosslinks: interchain
(green) and intrachain (purple). These HGs are expected to undergo structural degradation under low pH and high glucose environments releasing
(b) The three-dimensional structure of insulin (PDB: 3140). (c) Chemical structures of four pinacol ester of bisboronic acid used in this study: L1: 1,4-
benzenediboronic acid bis(pinacol) ester, L2: 1,2-diyl bis(boronic acid pinacol ester), L3: bis(pinacolato) diboron, L4: bis(pinacolato)borylmethane.

The absorbance at 800 nm was plotted against the time to
determine the gel formation kinetics.

2.4 Infrared (IR) spectroscopy

IR spectra of hydrated HGs were recorded using ATR mode in
FT-IR spectrometer (Spectrum Two, PerkinElmer). The spectra

were recorded in the frequency range of 400-4000 cm™".

2.5 Thermogravimetric analysis

To determine the water content of the HGs, systematic thermo-
gravimetric analysis (TGA) was performed in NETZSCH TG
209F3 Tarsus. TGA measurements were carried out under a
nitrogen gas atmosphere at a 20 ml min~" flow rate. Freshly
prepared HGs, weighing between 5 and 50 mg, was heated from
25 °C to 600 °C at a constant rate of 10 °C minute . The weight
loss in percent was plotted against the temperature.

2.6 Scanning electron microscopy

The morphological properties of HGs were examined using a
field emission scanning electron microscope (FESEM) (Gemini
500, Zeiss, Germany). The examination was carried out at
magnifications of 10 000x and 5000x at an accelerated voltage
of 3 kV. The freeze-dried hydrogels were prepared and carefully
mounted on circular aluminum stubs with double-sided adhe-
sive tape and coated with gold before the imaging.

2.7 Rheological measurements

Rheological properties of the HGs were measured using the
Anton Paar MCR102 Modular Compact Rheometer. HGs were
placed in between the 25 mm diameter parallel plates and a gap
distance of 1 mm. The pressure was 30 PSI for rheometer
operation. The test method employed a frequency sweep test

This journal is © The Royal Society of Chemistry 2022

using angular frequency 0.1-100 rad s~ at the constant strain
of 0.5% at 25 °C.

2.8 Insulin release assay

For the insulin release assay, human recombinant insulin was
labeled with ATTO 495 NHS ester and purified with a G25 spin
filtration column (GE healthcare). During the preparation of the
insulin-loaded HGs, desired amount of insulin (10 pl, 10 mg ml™* in
1 ml hydrogel) was incorporated. In vitro pH and glucose-responsive
insulin release studies were carried out by incubating 1 ml insulin-
loaded HGs with 10 ml, 10 mM PBS without or with glucose
(100 mM) maintained with different pH environments (pH 4, 7.5,
and 10) in an orbital shaking incubator at 37 °C. The samples were
collected every hour for up to 4 hours. The aliquots were measured
for fluorescence emission using Microplate Reader (Molecular
devices, Spectramax i3x, at the excitation of 450 nm and emission
of 510 nm). Then the percentage of released insulin calculated from
the control insulin solution plotted with the standard calibration
curves. All the measurements were done in triplicates.

2.9 Circular dichroism spectroscopy

Circular dichroism (CD) spectra of the native insulin and
released insulin were recorded using a JASCO J-1500 spectro-
photometer. Insulin from the HGs were released using 100 mM
glucose solution at room temperature. The cuvettes were kept
under a constant temperature of 25 °C using a JASCO PTC-423S
Peltier-type thermocouple. All measurements were performed
in quartz cuvettes with 2 mm path length.

2.10 MALDI-MS analysis

For MALDI-MS analysis, intact samples were reconstituted in
0.1% of TFA:acetonitrile 70:30 (v/v) and 1 pl of sample were

J. Mater. Chem. B, 2022,10, 7591-7599 | 7593
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spotted with 1 ul of matrix (sinapinic acid) on the MTP 384
ground steel target plate (Make: Bruker). Once samples were
dried, the target plate was loaded into a MALDI-TOF MS for the
analysis. All samples were analyzed using an Autoflex max
MALDI TOF/TOF (Bruker). Measurements were carried out
under positive linear mode with 20 kV accelerating voltage.
Instrumental parameters were set as mass range m/z 5000—
20000 and 70% laser intensity. Following the manufacturer’s
instructions, the instrument was externally calibrated using a
standard protein mix I kit (Make: Bruker).

2.11 Cell viability assay

HeLa, HEK293T, HepGz2 cell lines were procured from National
Centre for Cell Science (NCCS), Pune, India. All the cell lines
were maintained in Dulbecco’s modified Eagle’s medium
(HiMedia), containing 10% Fetal Bovine serum (HiMedia) and
1% Penicillin-Streptomycin (HiMedia). Both the cell lines were
incubated at 37 °C with 5% CO, in a humid environment.

Cell viability assay was performed to determine the toxicity
of hydrogels against HeLa, HEK293T, HepG2 cells. 10 000 cells
per well in complete media were seeded in a 96-well plate and
incubated overnight for growth and attachment to the surface.
20 mg ml~" solution of all six samples of hydrogels were
prepared by dissolving 200 mg of HG in 10 ml of DMEM media
containing 0.5 M glucose. Samples were serially diluted to
attain a final concentration of 2 mg ml™*! and 0.2 mg ml™".
Cells were treated with HGs for 24 h along with all experimental
controls. After 24 h of incubation, the used media was removed
and replaced with 100 pl fresh medium. MTT [3-(4,5-
Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (SRL)
was dissolved at a concentration of 5 mg ml~" in phosphate
buffer saline and 10 pl of MTT solution was added to each well.
After 2.5 h incubation at 37 °C, 5% CO,, the formed formazan
crystals were dissolved in 100 pl of dimethyl sulfoxide for
20 minutes at shaker. The absorbance values were recorded
at 540 nm wavelength in the BioTek Cytation 1 plate reader and
the percentage of cell viability was calculated with respect to the
untreated control.

3. Results and discussion

3.1 Preparation and characterizations of glucose-responsive
HGs

Glucose-responsive HGs were prepared by adding pinacol
esters of bisboronic acids with PVA (M 89000-98 000 Da).
A collection of such molecules is readily available due to their
use in the Pd-mediated cross-coupling reactions. We selected
four bis-pinacolato esters of bis-boronic acids: 1,4-benzene-
diboronic acid bis(pinacol) ester (L1), acetylene-1,2-diyl
bis(boronic acid pinacol ester) (L2), bis(Pinacolato)diboron
(L3), bis[(pinacolato)boryl]methane (L4), as shown in Fig. 1(c).
We carried out extensive gel formation studies to understand
the phase behavior by mixing different concentrations of cross-
linkers (5, 10, 20, 50 mM) with PVA (5, 10, 15, 20 mg ml ') at
room temperature (Fig. 2 and Fig. S1 ESIt). While L1 produced
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bulk gels at all concentrations, L2 and L3 did not produce HGs in
5mg ml~! PVA and 5, 10, 20 mg ml ™" crosslinker concentrations.
For L4, the gel did not form even up to 50 mM crosslinker
concentrations. We hypothesized that various crosslinkers
inculcated different interchain and intrachain crosslinks. L1, L2,
and L3 provided better interchain crosslinks than intrachain
crosslinks than L4. Further, we used turbidimetric measurements
to understand the kinetics of the gel formation. We measured
the absorbance at 800 nm up to 3 hours after mixing PVA
(20 mg ml™") and the crosslinkers (50 mM) (Fig. S2, ESIt). The
absorbance immediately increased and attained a plateau for L1,
L2, and L3 within one hour, indicating rapid gel formation. For
L3, the rise is slower and attained a plateau in 3 hours. These
results suggested faster interchain crosslink formation with L1,
L2, and L3 leading to a quicker gelation. We would abbreviate
the HGs derived from 20 mg ml~' PVA with 50 mM Ln as HGn
(n=1-4).

We used Fourier transform infrared (FTIR) spectroscopy of
the fabricated HGs to obtain information about the interchain
bonds. For all the gels, we obtained a peak around 1370 cm ™"
corresponding to B-O stretching frequency, indicating the
presence of boronate ester bonds (Fig. S3, ESIf). We used
scanning electron microscopy (SEM) to assess the microscopic
morphologies of the HGs. While HG2-4 micropores were
noticed throughout the structures, HG1 did not show any pores
visible under the high-resolution of FE-SEM (Fig. S4, ESIf).

3.2 Water content measurement

Next, we performed thermogravimetric analysis (TGA) in a 25—
600 °C temperature window to determine the water content in
the HG1-4. We observed a steep decline in the HG weights in
the temperature range of 70-120 °C due to water evaporation
from the HGs (Fig. S5, ESIt). A decrease of weights around 240-
360 °C for all the gels was due to PVA decomposition (Fig. S6,
ESIT). Careful inspection of TGA data indicated that ~ 74.4%,
70.1%, 83.1%, 72.3% water were present in HG1-4, respectively.

3.3 Rheological properties

We performed rheological measurements of the HGs to deter-
mine their viscoelastic properties. For all the HGs, strain sweep
measurements were performed under 0.1-100% strain (y) as
shown in Fig. 2(e)-(h). For all the gels higher storage modulus
(G') than the loss modulus (G”) and a crossover between
moduli at higher strain were observed suggesting structural
breakdown. We further carried out angular frequency sweep
tests in the angular frequency (w) range 0.1-100 rad s~ were
carried out under a constant strain of 0.5%. All four HGs
exhibited a higher storage modulus (G’) than the loss modulus
(G"), indicating elastic solid-like behaviors for all the gels
(Fig. 2(i)-(1)). The storage moduli (G’) increased, and loss
moduli (G") decreased with the increase in angular frequency,
indicating dynamic bond formation and breaking of boronate
ester bonds in all the HGs. This observation was consistent
with the previous finding for boronate ester crosslinked
PVA HGs.*® HG1 possessed a significantly higher storage mod-
ulus (G') of 142 kPa (at 0.1 rad s~') compared to that of HG2

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 (a)-(d) Phase diagrams of HG1-4. Red and green circles represent solution and gel phase, respectively. (e)—(h) Strain sweep of storage modulus
(G’, black) and loss modulus (G”, red) of HG1-4. (i)—(1) Frequency sweep of storage modulus (G, black) and loss modulus (G”, red) of HG1-4. All the gels
show elastic solid-like behavior in the frequency range of 0.1-100 rad s 1. HG1 exhibited a significantly higher storage modulus (G') of 142 kPa (at 0.1 rad s
compared to HG2 (52 kPa at 0.1 rad s™%), HG3 (54.5 kPa at 0.1 rad s™%), and HG4(2.8 kPa at 0.1 rad s%) indicating diverse rheological properties.

(52 kPa at 0.1 rad s~ ') and HG3 (54.5 kPa at 0.1 rad s~ '). We
found that the storage modulus (G') of HG4 was the lowest
(2.8 kPa at 0.1 rad s ') amongst all the gels. These results
indicated that the nature of the crosslinker played a pivotal role
in determining the rheological properties. We postulated that
because of the benzene-based L1 crosslinker formed a more
elastically active interchain crosslink compared to L2 and L3.
In contrast, borylmethane-based L4 crosslinker produced the
softest gel, possibly due to more intrachain crosslinks. The
softer nature of the HG4 may be also attributed to the weaker
interchain bond strength of the linker. To prove that these gels
were formed due to the dynamic boronate ester bonds, we
incubated HG4 with 100 mM solutions of tetrahydroxydiboron,
benzene-1,4-diboronic acid, and PBA. After 1 hour of incuba-
tion, we measured the angular frequency sweep of the HGs
(Fig. S7, ESIt). The storage modulus (G’) increased to 16.1 kPa at
0.1rad s ' and 22.9 kPaat 0.1 rad s~ * from 2.8 kPaat 0.1 rad s "
upon the incubation tetrahydroxydiboron and benzene-1,4-
diboronic acid, respectively. On the contrary, PBA exposure
decreased the storage modulus (G') to 0.85 kPa. These results
indicated that exposure to bis-boronic acid linkers increased
elastically active crosslinking, further increasing storage modu-
lus (G'). On the contrary, PBA decreased the interchain cross-
links and rendered the HG soft. The unparalleled flexibility of

This journal is © The Royal Society of Chemistry 2022

changing the crosslinkers in situ allowed the dynamic tuning of
the rheological properties of the HGs.

3.4 Stimuli-responsive degradation of HGs

Next, we qualitatively investigated the response of the HGs
under different pH environments (pH 4, 6, 7.5, 9) at 37 °C
(Fig. S8, ESIT). HG1 did not show any visual changes up to 24
hours of incubation (Fig. S8, ESIT). HG2-4 were more transpar-
ent when compared to HG1. Hence, the variations were difficult
to assess but by inverting the tubes, we observed more degrada-
tion of HGs under acidic pH of 4 and 6 compared to pH 7.4 and
9. Then, we evaluated the carbohydrate responsiveness of HG1-
4 by exposing the HGs in increasing concentrations (0 mM,
5 mM, 10 mM, 100 mM, and 500 mM) of four simple carbohy-
drates (p-glucose, p-fructose, p-galactose, p-mannose) and glu-
cosamine. We incubated HGs up to 24 hours at 37 °C and
observed visual changes. While HG1 did not show any change,
HG 2-4 degraded entirely at higher carbohydrate concentra-
tions (100 mM, 500 mM), as shown in Fig. S9, ESL.t We further
measured the dynamic rheological properties of HG4 incubated
with 100 mM glucose solution under pH 4, 7.5 and 10. We
observed a decrease in the storage moduli (G’), and loss moduli
(G") indicating structural disintegration as shown in Fig. S10,
ESL{
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3.5 Glucose responsive insulin release under different pH
conditions

Further, we examined the glucose-responsive release of insulin
under different pH environments (pH 4, 7.5, and 10) under
physiological conditions. We selected three HGs, HG1, HG2,
and HG4, with drastically different rheological properties to
assess the insulin release kinetics from the HGs. We labelled
insulin with a fluorophore, ATTO495, and incorporated the
insulin in the HGs to quantify its release. We did not observe
any change in the viscoelastic properties of the HGs after
insulin incorporation. We incubated the insulin-loaded HGs
with 100 mM and 0 mM glucose concentrations at pH 4, 7.5,
and 10 under physiological temperature and studied the
insulin release up to 4 hours from the incubation (Fig. 3).
We observed a background insulin release from all the gels at
0 mM glucose conditions. The release at pH 4 was significantly
higher than pH 7.5 and 10. This was due to the hydrolysis of
boronate ester bonds at a low pH environment that induced
structural disintegration and higher insulin release than pHs
7.5 and 10. The release of insulin at pH 10 was slightly higher
than that of pH 7.4, possibly due to a negatively charged
interior at higher pH that caused a faster release of negatively
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charged insulin. This effect was more prominent for HG2 and
HG4 than that of HG1. The release of insulin under 0 mM
glucose conditions was increased with the decreased hardness
of the HGs. In other words, HG1 released the least amount of
insulin, followed by HG2 and HG4 under any pH conditions.
These results suggested a higher number of interchain cross-
links, leading to higher storage modulus (G’) diminished
insulin release from the HGs.

Additionally, we observed an increase in insulin release under
100 mM glucose for all the HGs. HG1 exhibited the least glucose
response showing 20%, 19%, and 36% release at 4 hour time
point under 100 mM glucose in pH 4, 7.5, and 10 environments,
respectively (Fig. 3(a)-(c)). On the contrary, HG2 and HG4
showed significantly faster insulin release profiles. At 4 hour
time point, 55%, 89%, and 75% of insulin was released from
HG2 under 100 mM glucose at pH 4, 7.5, and 10, respectively
(Fig. 3(d)-(f)). Interestingly, HG4 attained more than 90% insulin
release under 100 mM glucose at pH 4 within the first hour
(Fig. 3(g)). More than 75% insulin was released within 3 hours
under 100 mM glucose at pH 7.5 and 10 (Fig. 3(h) and (i)).

These observations were rationalized based on the binding
of p-glucose with the boronate ester-crosslinks. It has been

Fig. 3
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demonstrated that for boronate ester-based hydrogels, the
release of entrapped protein cargo depends on the temperature,
network design and surface erosion.*® It was well established
that drug molecules are released from HGs due to a concen-
tration gradient following a diffusion-controlled release mecha-
nism. Further, dissociation of interchain crosslinks led to the
disintegration of the HGs via a dissociation-controlled release
(Fig. 4(a) and (b)).*® In this work, degradation-controlled
release was dominant at a lower pH and higher glucose con-
centrations. All the HGs showed an increased release at pH 4
(0 mM glucose) compared to pH 7.5 (0 mM glucose). HG1
having more interchain crosslinks than HG2 and HG4, as
evidenced by the rheological measurements, showed slightly
higher dissociation-controlled insulin release at 100 mM glu-
cose conditions than 0 mM glucose for all pH environments.
HG2 being softer compared to HG1, exhibited better glucose-
responsive insulin release. In contrast, HG4, which possessed
the lowest storage modulus (G’), exhibited the most facile
insulin release under any pH conditions.

The efficacy of glucose-specific release from an HG was
defined by the release factor, a ratio of released insulin under
glucose-rich condition (100 mM), and non-glucose condition
(0 mM) over time (Fig. 4(c)). The release factor was the highest
for HG4 (2.0 at pH 4, 3.6 at pH 7.5, 2.8 at pH 10) followed by

HG2 (1.4 at pH 4, 3.4 at pH 7.5, 2.4 at pH 10) and HG1 (1.2 at pH
4, 1.4 at pH 7.5, 1.5 at pH 10). The order of glucose respon-
siveness was as follows: HG4 > HG2 > HG1. The release
factors at pH 7.5 were larger than pH 4 and 10 because of the
increased release under no glucose conditions. These results
suggested that control of stiffness of the HGs allowed tuning
the release kinetics of encapsulated insulin. Softer the gel, the
faster was the insulin release under hyperglycemic conditions.

3.6 Insulin stability, injectability and biocompatibility of HG4

Next, we investigated the insulin stability in the HG4 using
far-UV CD spectroscopy and MALDI mass spectrometry. We
recorded the far-UV CD spectra of native insulin and insulin
released from HG4 after 2,4- and 24 hours incubation at 37 °C
(Fig. 5(a)). The minima at 209 and 222 nm and maxima at
195 nm indicated the predominant a-helix structure of insulin.
The ratio of 209 and 222 nm peaks indicated the changes in the
conformation. The ratio was ~1.3 for native insulin and
released insulin after 2 and 4 hours. However, the ratio was
found to be 1.5, and the 195 nm maximum decreased in
intensity for the insulin released after 24 hours due to slight
structural changes. Nonetheless, when we carried out MALDI
mass spectrometry of the released insulin, we did not find any
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Fig. 5 (a) Far-UV CD spectra of native insulin (black) and released insulin from HG4, indicating a minor change in the secondary structure of the released

insulin after 24 hours. (b) Strain sweep with alternate low strain (y = 0.5%) and high strain (y = 50%) of storage modulus (G’, black) and loss modulus (G”,
red) of insulin loaded HG4 shows shear-thinning properties. (c) Photograph of the insulin-loaded HG4 is being injected from a syringe. (d) Cell viability

assay with HGK293, Hela, and HepG2 cells indicate nontoxic nature of the
media. For control, no gel was added.
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molecular weight change indicating no insulin aggregation
(Fig. S10, ESIt). These results collectively indicate that insulin
hosted in the hydrogels remained structurally unchanged in
the HG environment. Further, we studied the shear thinning
properties of the HG4 with a step shear strain recovery test
(alternating periods 0.5% and 50% strain, Fig. 5(b)). We
observed that under high strain, the storage modulus (G’)
decreased than the loss modulus (G”) due to the reversible
breaking of boronate ester bonds. Then, we tested the inject-
ability of the HG4 through a G25 needle (Fig. 5(c)). Due to the
shear-thinning properties, HG4 loaded with insulin could be
easily injected. Finally, we performed extensive cytotoxicity
studies of HG4 using human epithelial kidney cells (HeK293,
healthy), HeLa (cervical cancer), and HepG2 (liver cancer), as
shown in Fig. 5(d). We did not observe any significant cytotoxi-
city of the hydrogels in either of the cell lines indicating that
the material could be suitable for smart insulin delivery appli-
cations in vivo.

4. Conclusions

In this work, we developed a facile fabrication strategy
of glucose-responsive HGs by crosslinking a biocompatible
polymer PVA with bis-boronic acid via boronate ester bond
formation. Commercially available pinacol esters, well-known
reagents for Pd-catalyzed coupling reactions, were used as
precursors for the crosslinkers. All hydrogels contained more
than 70% water and demonstrated a 50-fold difference in
storage moduli between the softest and the hardest HGs by
changing the crosslinker due to the change in the number of
elastically active crosslinks. Under physiological temperature,
all hydrogels showed glucose-dependent insulin release proper-
ties in acidic, neutral, and alkaline pH environments. Interest-
ingly, HG4 derived from bis[(pinacolato)boryl]methane showed
significantly faster insulin release kinetics than the other
counterparts. The released insulin was structurally similar to
the native insulin with no significant denaturation. We further
established good injectability and non-cytotoxicity of these
newly developed HGs. We have significantly enlarged the
library of boronic acid crosslinked glucose-responsive HGs with
a new design principle for programmable insulin release prop-
erties. We are moving forward for detailed in vivo anti-diabetic
properties, and safety studies with these HGs developed in this
work, being optimistic for the clinical trials in the near future.
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