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Glucose-responsive hydrogel systems are increasingly explored
for insulin delivery, with dynamic-covalent crosslinking
interactions between phenylboronic acids (PBA) and diols
forming a key glucose-sensing mechanism. However, commonly
used PBA and diol chemistries often have limited
responsiveness to glucose under physiological concentrations.
This is due, in part, to the binding of PBA to the commonly used
diol chemistries having higher affinity than for PBA to glucose.
The present study addresses this challenge by redesigning the
diol chemistry in an effort to reduce its binding affinity to PBA,
thereby enhancing the ability of glucose to compete with these
redesigned PBA-diol crosslinks at its physiological
concentration, thus improving responsiveness of the hydrogel
network. Rheological analyses support enhanced sensitivity of
these PBA—diol networks to glucose, while insulin release
likewise improves from networks with reduced crosslink
affinities. This work thus offers a new molecular design
approach to improve glucose-responsive hydrogels for insulin
delivery in diabetes management.

1. Introduction

Hydrogels are three-dimensional polymer networks that can
imbibe significant amounts of water while maintaining their
physical structure, making them ideal for drug delivery and
biomedical applications.'® These materials are often categorised
by their mode of crosslinking, and commonly use either chemical
crosslinking, which involves covalent bond formation, or physical
crosslinking, which arises from dynamic/reversible interactions
or entanglements.*®> Hydrogels crosslinked by dynamic and
equilibrium-governed interactions, such as supramolecular
motifs or non-covalent associations,® typically exhibit emergent
dynamics on the bulk scale leading to properties such as shear-
thinning and self-healing for injection-centered application.?
However, the use of such dynamic interactions often comes with
properties than covalently

crosslinked analogues. Dynamic-covalent bonds, a class of

mechanical that are weaker

equilibrium-governed  covalent interactions,® offer an

opportunity to capture features of both chemical and physical
crosslinking in constructing hydrogels with improved mechanical
properties that, at the same time, benefit from dynamic bond
exchange leading to shear-thinning and self-healing character.®

Boronate esters formed between phenylboronic acids (PBAs), a
class of Lewis acids, and cis-1,2 or cis-1,3 diols have been broadly
explored for their ability to form dynamic-covalent hydrogel
networks, with the equilibrium bond formation of these
interactions dictated by temperature, pH, or the presence of
competing diol species.!*~*8 In the context of insulin delivery, this
crosslinking chemistry has long been evaluated in the preparation
of hydrogel networks that are subject to competition from free
glucose, a cis-1,2 diol, to yield a reduction in crosslink density as
glucose levels increase.’®?* Of specific importance in designing
PBA-based glucose recognition is the pK, of the boronic acid,
defining the pH for transition from the neutral trigonal to charged
tetrahedral boronate species; without electron-withdrawing
substituents, PBAs have a pK, of ~8.8.%* Under aqueous
conditions, the boronate ester formed between diols and a
tetrahedral boronate is the most stable species, enabling the
equilibrium to be shifted to the PBA-diol bound form.®
Numerous efforts have been made to explore inclusion of
electron-withdrawing substituents, intermolecular interactions,
or adjacent charged groups to reduce pK, and enable efficient
PBA—diol recognition under normal physiological conditions.?>2#
Commonly, PBAs with fluorine substitutions have been used,
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Figure 1. Schematic illustration of PBA—diol dynamic-covalent hydrogel networks prepared from 4-arm PEG (4aPEG)

terminated with PBA or diol groups and encapsulating insul

in cargo. As glucose levels increase, free glucose competitively

disrupts the dynamic-covalent PBA—diol crosslinks, leading to insulin release due to disruption of the hydrogel network. The
binding affinity of PBA to a commonly used glucose-like diol is significantly higher than to glucose, limiting the glucose-
responsive function of the resulting hydrogels. Several new diol chemistries were designed here to explore the responsivity of

networks prepared from alternative PBA—diol crosslinking.

enabling a reduction in pK, to 7.2 for stable boronate ester bonds
under physiological conditions.?° In spite of some potential for
use in glucose-responsive insulin delivery, PBAs have a number of
remaining drawback. These include a lack of specificity for
glucose, meaning PBAs will bind to a variety of other
physiologically relevant diol species.’® In addition, PBAs have a
high affinity for commonly used diol crosslinkers, such as the
glucose-like diol (GLD) derived from reaction of amino groups
with glucano-8-lactone,*! that limit competition-mediated bond
rupture by free glucose. A recent study showed the binding
affinity for this commonly used PBA—diol crosslinking motif was
4.9 x 10° M, whereas the affinity of the same PBA motif for
glucose was only 8.6 M™3! Efforts to improve both the affinity
and specificity of the PBA—glucose interaction have been an
active area of discovery, including recent reports of diboronate
motifs that offer high-affinity, bidentate recognition of glucose
without increased affinity for common competing analytes.33?
The use of this diboronate facilitated glucose recognition with
physiologically relevant affinity, enhancing the function and
glucose-responsiveness of materials and formulations formed
from diboronate—diol bonds.
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The current study takes a different approach to enhancing the
glucose-responsive sensitivity of PBA—diol crosslinks, exploring
multiple cis-1,2 and cis-1,3 diol derivatives designed to reduce
crosslinking affinity to a model PBA molecule (Fig 1). The binding
of PBAs to diol derivatives follows the typical trend in binding
affinity: cis-1,2 diols > cis-1,3 diols >> trans-1,2 diols. In this study,
various cis-1,2 and cis-1,3 diol derivatives were designed and
investigated, including diols derived from glucose and fructose,
which are known to bind effectively to PBAs, as well as synthetic
diols prepared via epoxide ring-opening reactions. Analysis at
both the molecular and material scales reveal certain diol
derivatives to have lower binding affinities to a model PBA than
are typical for the traditionally used GLD chemistry. By reducing
crosslinking affinity, glucose is better able to compete with these
interactions, enhancing sensitivity of the resulting PBA—diol
dynamic-covalent networks. Accordingly, whereas previous
works have sought to improve responsivity of this class of
networks by increasing the glucose-binding affinity of the PBA
motif, the present study instead demonstrates improved
network responsivity by lowering the affinity of crosslinks
comprising the network junctions. Accordingly, this approach
suggests a new design rationale to better engineer glucose-
responsive materials for insulin delivery.
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2. Experimental Methods

2.1, Synthesis of Model Compounds and Macromers
Details for the synthesis of all molecules and 4-arm polyethylene
glycol (4aPEG) macromers, as well as molecular characterization
data (Fig S$1-13), can be found in the online supporting
information. Fluorine-modified 4-carboxy-3-fluorophenylboronic
acid (FPBA) was selected as the model boronate derivative for
exploration here, and studied for its binding to the commonly
used glucose-like diol (GLD) chemistry as well as a variety of
different modified diol chemistries, including a fructose-like diol
(FLD) appended to the 4aPEG via click chemistry as well as a series
of diols prepared from epoxide ring-opening reactions of glycidol
compounds with 4aPEG macromers bearing terminal primary or
secondary amines.

2.2, Glucose Dependent Rheological Characterization
Hydrogels were prepared from 4aPEG-FPBA and each diol-
modified 4aPEG macromer at 1:1 by mole in terms of the end-
groups on each macromer and under varying glucose
concentrations (0 mg/dL, 100 mg/dL, 200 mg/dL, and 400 mg/dL)
in 30 mM phosphate buffer (pH 7.45, 22.6 mM disodium
phosphate and 7.4 mM monosodium phosphate with 120 mM
NaCl) at the desired total polymer concentration, typically 10%
(w/v). As pH directly dictates the extent of bonding in PBA—diol
networks,* this buffer ensured constant pH for all experiments.
The mechanical properties of the hydrogels were assessed using
a TA Instruments HR-2 rheometer equipped with a Peltier stage
set to 25°C. Measurements were conducted with a 25 mm
parallel plate geometry using a gap height of 200 um. Initial
oscillatory strain amplitude sweep measurements were collected
from 0.1% to 100% strain with 10 points per decade at a
frequency of 30 rad/s to verify the linear viscoelastic region for
all materials. Subsequently, oscillatory frequency sweep
measurements were collected from 0.1 rad/s to 200 rad/s with
10 points per decade at 1% strain. All measurements were at 25
°C.

2.3.
To evaluate glucose-dependent insulin release from hydrogel
networks, 100 pL hydrogels were prepared from FPBA- and diol-

Glucose Dependent FITC-Insulin Release Study

modified 4aPEG macromers at 1:1 by mole in terms of the end-
groups on each macromer in phosphate buffer at 10% (w/v) total
polymer concentration. To each hydrogel, 200 pg of a FITC-
labelled insulin was added, synthesized as previously described.'*
Briefly, FITC-labelled insulin was first dissolved and thoroughly
mixed in the FPBA-modified 4aPEG macromer solution. Diol-
modified 4aPEG macromers were then added to this mixture to
form hydrogels as described above. Gels were prepared in
circular molds placed within 12-well plates and immersed in 4 mL
of pH 7.4 release buffer containing 0, 100, or 400 mg/dL glucose.
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At each time point, a 20 pL aliquot of the bulk phase was taken
and further diluted to 200 pL for fluorescence analysis (Ex: 485
nm, Em: 520 nm) on a Tecan M200 plate reader. At each
sampling, the bulk was adjusted by replacement with 20 uL of the
same release buffer to maintain constant volume. FITC-insulin
concentrations at each time were determined using a standard
curve, and data was processed to reflect cumulative release.
After 8 h, gels were manually destroyed by treating with HCI
solution to disrupt any remaining gel network and free residual
FITC-insulin. The pH of this mixture was adjusted to pH 7.4 and
insulin was quantified for mass balance closure.

2.4.
The binding affinities (K.q) between FPBA and each diol derivative

Isothermal Titration Calorimetry

in their small molecule form were measured by isothermal
titration calorimetry (ITC). All titration experiments were
performed at 298 K on a PEAQ-ITC calorimeter (Microcal, Inc.) in
degassed pH 7.4 PBS buffer, using a 38 L syringe and 200 pL cell
and consisting of 19 injections. The measurements were
performed by titrating diol derivatives from the syringe into a
solution of FPBA loaded in the cell at concentrations suitable for
the affinity of each interaction, as further summarized in Table
$1. The first injection, 0.4 pL of diol derivative was added to FPBA
in the cell over a duration of 0.8 s; this injection was removed
from analysis. For each subsequent injection, 2 uL of each diol
derivative was delivered to the cell over a duration of 4 s, with a
150 s interval between injections. All raw data were corrected by
subtraction of a dilution measurement of the titrated diols into
buffer and were then subjected to global analysis, fitting, and
graphing using the integrated public-domain software packages
of NITPIC, SEDPHAT, and GUSSI.3® NITPIC performs unbiased
integration, baseline correction, and error estimates for accurate
data weighting during fitting. SEDPHAT is then used for data
analysis and model fitting. GUSSI generates graphs of these
processed ITC results. The "A + B <-> AB Hetero-Association"
model was used in the SEDPHAT data fitting process, with "B"
representing the diol derivative in the syringe in all cases. It is
important to note that the PBA-diol interaction is relatively
weak. The estimated Wiseman ‘c’ parameter for many of the
systems characterized here is approximately 1.5, and thus below
the optimal "experimental window." This results in unsaturated
and non-sigmoidal titration curves. While the binding affinity for
such low-affinity interactions can still be accurately derived,
enthalpy values should be interpreted with with caution due to
the limitations of the titration curve shape and low c-values.3*%

3. Result and Discussion
3.1.
To better study dynamic-covalent interactions between PBA and

diol derivatives, 4aPEG macromers containing either FPBA groups
(4aPEG-FPBA; 85% modification) or diol derivatives were

Material Synthesis and Characterization
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synthesised by modifying the end groups of 10 kDa 4aPEG
macromers at high modification percentages, as quantified by H
NMR. The use of 4aPEG macromers enables formation of ideal-
like simplify study of network
crosslinking.’? In total, eight different diol derivatives were

network structures to
assessed, including those bearing the traditional GLD (4aPEG-
GLD; 80% modification), a fructose-like diol (4aPEG-FLD; 80%
modification), a cis-1,3 diol (4aPEG-D-1,3; 70% modification),
different cis-1,2 diols prepared from either an S-type (4aPEG-D-
1,2(S); 73% modification) or R-type (4aPEG-D-1,2(R); 76%
modification) stereoisomeric glycidol, or a double cis-1,2 diol
structure prepared from S-type (4aPEG-Du-1,2(S), 95%
modification), R-type (4aPEG-Du-1,2(R), 91% modification), or
(4aPEG-Du-1,2(SR), 95% modification) glycidol
precursors. The structures of each of these diols are depicted in

racemic

Fig 1, with detailed methods for their synthesis, route of
attachment to 4aPEG macromers, and corresponding *H
characterization available in the online supporting information.
The efficiency of the various 4aPEG modification reactions stems
from the different conjugation routes employed. Macromers
synthesized via two epoxide ring-opening reactions on the
primary amine-bearing 4aPEG-NH,—namely, 4aPEG-Du-1,2(S),
4aPEG-Du-1,2(R), and 4aPEG-Du-1,2(SR)—proved to be highly
efficient. In contrast, the synthesis of other macromers, which
required two-step preparation protocols (4aPEG-D-1,2(S),
4aPEG-D-1,2(R), and 4aPEG-FLD), carbodiimide couplings
(4aPEG-FPBA and 4aPEG-D-1,3), or ring-opening aminolysis
(4aPEG-GLD), exhibited lower efficiency, likely arising from less
the
macromers were functionalized above the threshold necessary
for network formation.3¢

efficient reaction schemes. Nonetheless, in all cases,

3.2
An initial gelation test was performed by mixing 4aPEG-FPBA with

Verification of Gelation

each diol macromer at a molar ratio of 1:1 on the basis of the end
groups of each macromer. Prior work reported networks from
the FPBA—GLD interaction at 10% (w/v) total polymer in water,!
yet these hydrogels had very limited glucose responsive function.
This concentration was thus deemed a good benchmark to
explore the ability of alternate diol chemistries to rescue glucose-
responsiveness in these networks. Moreover, calculations
performed for 4aPEG macromers suggest 10% (w/v) to be just
below the overlap concentration (c*), thereby enabling study of
the impact of dynamic-covalent crosslinks with

consideration for chain entanglements.3! As such, samples were

limited

prepared by mixing each of the eight different diol-modified
4aPEG macromers with the 4aPEG-FPBA macromer at a total
polymer concentration of 10% (w/v) in phosphate buffer at pH
7.4, in order to first assess hydrogelation to establish a basis to
determine whether responsiveness could be “rescued” by using
new diol chemistries. The samples were first qualitatively
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assessed for their ability to form self-supporting hydrogel
networks (Fig 2). According to gross assessment by vial inversion,
five out of the eight diol derivatives formed hydrogels within 30
s of mixing the macromers. As expected, the previously reported
4aPEG-GLD macromer formed a stable self-supporting hydrogel.
Similarly, 4aPEG-FLD, prepared from the fructose-like diol, also
formed a hydrogel network upon mixing with 4aPEG-FPBA. The
4aPEG-D-1,3 material did not form a self-supporting hydrogel
network; this aligns with the expected trends in binding affinity
of PBAs of cis-1,2 diols > cis-1,3 diols >> trans-1,2 diols.3” Indeed,
this binding preference demonstrates that the arrangement of
the hydroxyl groups is crucial for effective PBA binding. A single
cis-1,2 diol derivative was next tested for hydrogelation, having
either S-stereochemistry, 4aPEG-D-1,2(S), or R-stereochemistry,
4aPEG-D-1,2(R). This modification was prepared by an epoxide
ring-opening reaction between a stereoisomeric glycidol
molecule and a 4aPEG bearing a secondary terminal amine.
However, neither of these single cis-1,2 diol structures formed
self-supporting hydrogels when mixed with 4aPEG-FPBA. This
may be explained by the mechanism of epoxide ring-opening of
glycidol molecules used to modify the macromer; though
expected to open primarily from the less substituted side via an
Sn2 reaction to yield the cis-1,2 diol, 33 some fraction may
instead open from the more substituted side to yield a cis-1,3 diol
(Fig $14). As an average of at least 3 arms must be crosslinked for
a 4aPEG macromer to form a continuous network, any sites
modified with a cis-1,3 diol instead would likely compromise
gelation given the modification percentages of these macromers
and the reduced affinity of the cis-1,3 species. To ensure a greater
propensity for crosslinking in spite of the possible occurrence of
some fraction of cis-1,3 diols upon ring-opening, a second
approach was taken using a ring-opening reaction between the
same glycidol molecules and a 4aPEG bearing a primary terminal
amine to enable two ring-opening reactions at each macromer
terminal group. From this approach, three double-modified cis-
1,2-diol enantiomers (S-, R-, and racemic mixture) were prepared,
resulting in macromers of 4aPEG-Du-1,2(S), 4aPEG-Du-1,2(R),
and 4aPEG-Du-1,2(SR) that all formed self-supporting hydrogel
networks with 4aPEG-FPBA. No significant differences were

This journal is © The Royal Society of Chemistry 20xx



observed among the enantiomers in terms of their ability to form
stable hydrogels upon gross inspection.

3.3.

The diol derivatives that formed self-supporting hydrogels upon
mixing with 4aPEG-FPBA were further evaluated to assess their

Glucose-Responsive Hydrogel Properties

modulus in the high-frequency regime is a function of the
equilibrium extent of network crosslinking.*

The hydrogels prepared from 4aPEG-GLD formed the expected
stiff network in the absence of glucose, with a value for G’ of 1.4
x 10* Pa (Fig 3a). This measurement is of the same order as that
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Figure 3. Glucose-dependent oscillatory rheology frequency sweeps (left) and comparative G’ values (at 20 rad/s) for
hydrogels prepared from 4aPEG-FPBA and different 4aPEG-diols, consisting of (a) 4aPEG-GLD, (b) 4aPEG-FLD, (c)
4aPEG-Du-1,2(S), (d) 4aPEG-Du-1,2(R), or (e) 4aPEG-Du-1,2(SR). All samples were prepared at 10% (w/v) in phosphate
buffer (0.1 M, pH 7.4). Glucose values ranged from 0-400 mg/dL. For frequency sweeps, G’ (closed circles) and G’’ (open
circles) are both plotted. Red arrows indicate the shift in the G’—G’’ crossover (wc) in more responsive hydrogels.

rheology. Hydrogels were formulated as before, at 10% (w/v) in
pH 7.4 buffer with a 1:1 molar ratio on the basis of the
functionalized arms of each macromer. The glucose
concentration of the buffer was selected to be 0, 100, 200, and
400 mg/dL, ranging from
normoglycemic to hyperglycemic conditions. As glucose level is
increased, a glucose-responsive hydrogel would be expected to

capturing physiological levels

exhibit a reduction in its modulus as glucose competes with PBA—
diol crosslinks comprising the network junctions; glucose
competition also should result in increased hydrogel dynamics.3?
As such, hydrogels were assessed for frequency-dependent
properties of their storage (G’) and loss (G’’) moduli, and
furthermore compared on the basis of their apparent high-
frequency plateau modulus (Go), compared at 20 rad/s, under
each glucose condition (Fig 3). For dynamic hydrogels, the

This journal is © The Royal Society of Chemistry 20xx

previously described for this material at 10% (w/v),3! it had
limited glucose-responsive character as G’ decreased by only 6%
when prepared in a high glucose condition of 400 mg/dL.
Similarly, there was no observed change in network dynamics on
the basis of the G'-G” crossover point (w.) for the glucose
conditions evaluated; w. was approximately 5 rad/s for samples
prepared across the different glucose levels. The timescale for
network relaxation (t, = 2r/w.) evident from this crossover was
thus approximately 1.3 s. Comparatively, the network prepared
from 4aPEG-FLD had a stiffness that was about an order of
magnitude lower (4 x 10® Pa), and G, demonstrated a 19%
reduction when increased to a glucose level of 400 mg/dL (Fig
3b). In terms of network dynamics, the apparent t. for the
network prepared by FLD in the absence of glucose was 19.9 s.
Interestingly, the network formed from the FLD structure was
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thus about one order of magnitude less dynamic than the
network formed from GLD. Accordingly, the network stiffness
and the rates of underlying bond exchange are decoupled, and
separate diol-dependent features of PBA-diol
networks. For crosslinked ideal-like networks, k.s can be
estimated from 1/t;%** thus, the FLD networks had a ku of 0.05
s while the GLD network had more rapid bond exchange with a
koff of 0.80 s

constitute

The networks prepared by combining the 4aPEG-FPBA macromer
with macromers of 4aPEG-Du-1,2(S), 4aPEG-Du-1,2(R), and
4aPEG-Du-1,2(SR) that had two cis-1,2 diols on each arm
exhibited a significantly reduced modulus in the absence of
glucose, in all cases in the range of 7 x 10% Pa (Fig 3c-e). The
plateau storage modulus decreased by 71% (S), 78% (R), and 61%
(SR) at 400 mg/dL glucose. The crosslinks in these hydrogels were
thus much more susceptible to competition from glucose than
were those in either of the networks prepared from GLD or FLD
crosslinking chemistries. In the absence of glucose, the values of
wc in these three networks were all similar, in the range of 1
rad/s, corresponding to a value of 1, 0f 6.3-7.9 s, and indicating a
ko for network crosslinking of approximately 0.16 s*. As glucose
levels increased, these networks exhibited significantly greater
dynamics, as indicated by shifts in their w. and corresponding T,
(Table S2); however, this was not observed in the 4aPEG-GLD and
4aPEG-FLD networks. At 400 mg/dL glucose, the networks
became more dynamic, with T, of the networks decreasing by an
order of magnitude to values of approximately 0.6-1.0 s. In
addition, there was no obvious impact from the stereochemistry
of the glycidol group used to prepare these cis-1,2 diols on the
resulting hydrogel properties.

While PBA—diol networks prepared from the double cis-1,2 diol
end groups were more glucose-responsive, they were also much
less stiff than the networks prepared from GLD and FLD
crosslinking. To better compare glucose responsiveness for each
hydrogel platform in a similar stiffness regime, networks of
43aPEG-GLD and 4aPEG-FLD hydrogels were also prepared at
lower concentrations and studied by the same rheological testing
(Fig S15). Specifically, 4aPEG-GLD was prepared at 3% (w/v) and
4aPEG-FLD was prepared at 5% (w/v) to achieve networks of
comparable stiffness (7 x 10> Pa) to those prepared from the
double cis-1,2 diol endgroups. In this reduced stiffness regime,
the GLD crosslinking showed an 18% reduction in modulus at
glucose conditions of 400 mg/dL, while the FLD crosslinking had
a 59% reduction in modulus at this same glucose condition.
Accordingly, some amount of glucose-responsive function was
revealed in hydrogels with lower polymer content, and thus a
lower density of network crosslinks. This is likely due to glucose
being at a higher molar excess to PBA—diol crosslinks when
polymer content was reduced, thus offering greater relative
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competition. These networks also demonstrated glucose-
responsive network dynamics, evident from a rightward shift in
w. with increasing glucose concentration characteristic of more
dynamic networks. It is possible that network dynamics could be
further tuned by mixing macromers bearing different diols, in line
with other results shown when mixing macromers bearing

different PBA motifs while keeping the diol conserved.*

3.4.

Glucose-responsive insulin release from the different PBA—diol

Glucose-Responsive Insulin Release

hydrogels was next investigated. Hydrogels were prepared at
10% (w/v) as before, and a FITC-labelled insulin was encapsulated
within the gel network to study its glucose-responsive release
when gels were immersed in a bulk buffer of pH 7.4 that
contained varying physiologically relevant glucose
concentrations, ranging from 0 to 400 mg/dL, as previously done
for other PBA—diol hydrogels.3! Release was then quantified over
time through monitoring fluorescence of the bulk phase (Fig 4).
The hydrogels prepared from the 4aPEG-GLD macromer
exhibited very limited glucose-responsive insulin release (Fig 4a),
consistent with previous studies on this material.**! The amount
and rate of insulin release from the 4aPEG-GLD gel showed
limited glucose-dependent behavior, with only a 10% increase in
insulin release when comparing the two glucose concentration
extrema (0 and 400 mg/dL) at the 8 h endpoint of the study.
Similarly, the 4aPEG-FLD hydrogel displayed only a modest
glucose-responsive insulin release behavior, with a 20% increase
in release between the two glucose extrema at the 8 h endpoint
of the study (Fig 4b). Hydrogels prepared from the three double
cis-1,2 diol structures demonstrated significantly enhanced
insulin release in response to glucose, in each case accelerating
release by approximately 50% between the two glucose extrema
at the 8 h endpoint of the study (Fig 4c-e). Of note, however, was
that insulin leakage in these networks under conditions of no
glucose was significantly higher than from either the GLD or FLD
chemistries. Generally, insulin leakage in the glucose-free case
corresponds to the observed moduli in rheology. As the extent of
network crosslinking at equilibrium is correlated with the plateau
modulus,*? this finding indicates that insulin release from these
networks is more restricted with a higher extent of network
crosslinking. As insulin primarily exists as a ~35 kDa hexamer with
a hydrodynamic diameter of 5.6 nm,* its passive release through
the porosity of a 10 kDa PEG network prepared at 10% (w/v) with
a pore dimension of 6.4 nm is more limited in the fully crosslinked
case.*® This phenomenon also explains why the networks with
more glucose-responsive moduli likewise exhibit accelerated
insulin release upon exposure to glucose, a desirable property of
glucose-responsive materials. However, this also is a potential
drawback in these designs, as insulin leakage in the absence of

This journal is © The Royal Society of Chemistry 20xx
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Figure 4. Glucose-dependent FITC-insulin release from hydrogels prepared from 4aPEG-FPBA and different 4aPEG-diols.
Samples were prepared at 10% (w/v) polymer from (a) 4aPEG-GLD, (b) 4aPEG-FLD, (¢) 4aPEG-Du-1,2(S), (d) 4aPEG-Du-
1,2(R), (e) 4aPEG-Du-1,2(SR). In addition, release from stiffness-matched control gels was studied from (f) 3% (w/v) 4aPEG-
GLD and (g) 5% w/v 4aPEG-FLD. In all cases, each hydrogel was formulated in phosphate buffer (0.1 M, pH 7.4) and then

placed into a bulk buffer containing 0-400 mg/dL glucose.

glucose, or at low glucose levels, is undesirable and could be
dangerous in therapeutic applications.

To further validate the correlation between network modulus
and glucose-responsive insulin release, the stiffness-matched
GLD and FLD hydrogel formulations were also assessed for
release of encapsulated FITC-insulin. Comparing the glucose-free
case at different polymer concentrations, the 3% (w/v) GLD
hydrogel showed increased insulin release of 55% (Fig 4f)
compared to 20% that had been released from the 10% (w/v) gels
at 0 mg/dL (Fig 4a). This finding again demonstrates that crosslink
density dictates insulin release from these networks. The extent
of glucose-responsive release in these networks remained
limited, however; an increase of only 15% was observed upon
increasing glucose concentration to 400 mg/dL, demonstrating
that glucose still struggles to effectively compete with PBA—-diol
crosslinks prepared from GLD (Fig 4f). The hydrogel prepared
from 4aPEG-FLD also demonstrated an increase in release at 5%
(w/v) compared to its previous study at 10% (w/v), and some
slight increase in its glucose-responsive release at this lower
concentration as well (Fig 4g). However, PBA—diol crosslinks

This journal is © The Royal Society of Chemistry 20xx

prepared from FLD also demonstrated limited glucose-responsive
release even in the stiffness-matched case.

3.5.

Following the observation of varying glucose-responsive

Small Molecule Binding Affinity Validation

properties in these PBA—diol hydrogels, the binding affinities of
the different diol derivatives to FPBA were quantified on the
molecular scale using isothermal titration calorimetry (ITC).
Model small molecule diol compounds ([X]sm) were prepared
using the same linkage approaches as were used to modify the
PEG macromers. The binding affinity (K.,) between FPBA and
glucose was previously reported from ITC as 8.6 M1.3! In contrast,
the K., for FPBA binding to GLDsm was 4922.0 M (Fig 5); at
approximately 500 times higher than the interaction between
FPBA and glucose, this result explains the limited glucose-
responsive function of this bond upon competition from glucose
under physiological conditions (i.e., 5-20 mM glucose). The K. for
FPBA binding to FLDs, was reduced to 1176 M; though
somewhat lower than that for GLDsy, this interaction is still far in
excess of that between FPBA and glucose, explaining the limited
glucose-responsiveness of the FLD networks. Interestingly, this
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Figure 5. Isothermal titration calorimetry (ITC) studies, showing (a) tabulated binding affinities (Ke;) quantified for binding
between small molecule diol derivatives and FPBA, as well as representative model-fit data for binding of diol derivatives
(b) GLDsm, (c) FLDsm, (d) Du-Ssm, (e) Du-Rsm, and (f) Du-SRsm.

trend in binding affinity is reversed from the typical binding
affinities for PBAs to normal glucose and fructose; FPBA was
found to bind fructose with an affinity 80x that of glucose.?! In
comparison, the K.q values between FPBA and Du-Ssm, Du-Rsm,
and Du-SRsm were 261.2 M7, 282.7 M?%, and 265.6 MY,
respectively. These values are more than an order of magnitude
lower than those for GLDsm,. The lower binding affinities between
these new diol derivatives and FPBA thus enable glucose to better
compete replace the diols physiological
concentrations, leading to enhanced glucose-responsiveness in
the resulting materials. The reasons for the reduced affinity are
unclear, as the valency of hydroxyl groups is similar across all
diols examined by ITC. This suggests that differences in the spatial
arrangement of these hydroxyl groups within the diol structures
may influence their binding to PBA. Related work showed that
the structure of alcohols, including the presence of neighboring
groups like amides, can have implications on the affinity and
dynamics of PBA—diol crosslinking.*® The similar binding affinity
for FPBA to Du-Ssm, Du-Rsm, and Du-SRsm also indicates that the
stereochemistry of attachment for these double-modified cis-
1,2-diol derivatives had no significant effect on its interaction
with FPBA, as also observed in rheology and release studies.
These findings furthermore corroborate studies from rheology.
Specifically the plateau modulus for these networks is related to
the equilibrium bond formation, or Ke,, of the dynamic-covalent
crosslinking interactions;'? the trends previously observed for
plateau modulus of the networks in the glucose-free case directly

and under
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correspond to the measurements made from ITC. This study of
affinity of the crosslinking motifs used to form each of these
networks thus explains the molecular-scale origins of glucose-
in the PBA-diol

responsiveness arising from a reduction

crosslinking of the network.

4, Conclusions

Here, diol chemistry was explored in PBA-diol crosslinked

hydrogel networks for its impact of glucose-responsive
properties. Rheological analysis and insulin release studies
confirmed the importance of diol structure on the ability to both
form stable hydrogels and afford competition from ambient
glucose to disrupt the network structure and promote insulin
release. These observations were corroborated by a study of the
binding affinity of model small molecules to the PBA motif used
for crosslinking. Overall, these findings highlight the efficacy of
engineering diol derivatives with reduced binding affinity to PBA
motifs, thereby improving the glucose-responsive properties of
the resulting hydrogel materials through more effective glucose
competition. Whereas a related approach sought to increase the
binding affinity of glucose to the boronate crosslinking motif,3!
this work instead demonstrated a similar function by reducing
the affinity of the PBA—diol crosslinks. The reduction in PBA—diol
crosslinking affinity and its subsequent effects on the mechanical
and dynamic properties of hydrogel networks did not appear to

be related to the valency of hydroxyl groups, as demonstrated by

This journal is © The Royal Society of Chemistry 20xx



comparing the GLD-derived diol to the double cis-1,2 diols
formed from epoxide ring-opening reactions. However, a single
cis-1,2 diol formed from one epoxide ring-opening reaction did
not result in hydrogel formation, nor did a single cis-1,3 diol. The
stereochemistry of the epoxides used to form cis-1,2 diols also
showed no effect. These findings thus suggest that the spatial
arrangement of cis-1,2 diols likely underlies the observed
differences in affinity and resulting network properties. This
approach likewise illustrates limitations of commonly used PBA—
diol crosslinking motifs, as these often have much higher affinity
for synthetic diols used in preparing dynamic-covalent crosslinks
than they do to glucose. By enhancing the sensitivity of PBA—diol
interactions, the designed hydrogel materials have promise for
applications in glucose-responsive insulin delivery systems.
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