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ABSTRACT: Dynamic-covalent motifs are increasingly used for hydrogel crosslinking, leveraging equilibrium-governed 
reversible bonds to prepare viscoelastic materials with dynamic properties and self-healing character. The bonding 
between aryl boronates and diols is one dynamic-covalent chemistry of interest. The extent of network crosslinking using 
this motif may be subject to competition from ambient diols such as glucose; this approach has long been explored for 
glucose-directed release of insulin to control diabetes. However, the majority of such work has used phenylboronic acids 
(PBAs) that suffer from low-affinity glucose binding, limiting material responsiveness. Moreover, many PBA chemistries 
also bind with higher affinity to certain non-glucose analytes like fructose and lactate than they do to glucose, limiting 
their specificity of sensing and therapeutic deployment. Here, dynamic-covalent hydrogels are prepared that, for the first 
time, use a new diboronate motif with enhanced glucose binding—and importantly improved glucose specificity—
leveraging the ability of rigid diboronates to simultaneously bind two sites on a single glucose molecule. Compared to 
long-used PBA-based approaches, diboronate hydrogels offer more glucose-responsive insulin release that is minimally 
impacted by non-glucose analytes. Improved responsiveness translates to more rapid blood glucose correction in a 
rodent diabetes model. Accordingly, this new dynamic-covalent crosslinking chemistry is useful in realizing more 
sensitive and specific glucose-responsive materials. 
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INTRODUCTION  
 Hydrogels are a common class of biomaterials, with 
their network structure offering a surrogate of the natural 
extracellular matrix and their highly hydrated porosity 
enabling controlled release of encapsulated 
macromolecules.[1–6] The polymers used in composing 
hydrogels are typically hydrophilic, and once crosslinked 
afford a material that can imbue water in an amount 
many times the dry weight of the polymer itself.[7] 
Hydrogels can be characterized by their mode of 
crosslinking; chemical crosslinking entails the permanent 
formation of covalent crosslinks between polymer chains, 
while physical crosslinking arises from transient and 
reversible interactions or entanglements.[8,9] The 
mechanical properties of the bulk hydrogel materials 
usually follow directly from their mode of crosslinking. 
Covalent crosslinks commonly yield materials with 
higher modulus that do not flow or permanently deform 

under moderate strain but exhibit permanent loss of 
mechanical character under high strain. Conversely, 
physical crosslinking typically gives rise to materials with 
more dynamic viscoelastic behavior, enabling flow under 
applied strain and exhibiting self-healing character. 

 Dynamic-covalent chemistry encompasses a number 
of equilibrium-governed covalent bonds, including many 
classical organic reaction mechanisms.[10,11] Recently, 
dynamic-covalent crosslinking has gained attention for 
its use in the preparation of hydrogels.[12–14]  When used 
in the context of hydrogel crosslinking, this approach 
enables covalent bonding interactions with dynamic 
exchange and finite average lifetime. Accordingly, this 
mode of crosslinking, in principle, affords aspects of both 
chemical and physical crosslinking in yielding dynamic 
viscoelastic materials with well-defined crosslinking 
interactions and excellent mechanical properties while 
also undergoing equilibrium-governed bond exchange 



 

that enables network restructuring and self-healing. 
Certain of these dynamic-covalent interactions are further 
modulated by competition from naturally occurring 
analytes, enabling their equilibrium-governed bond 
exchange to be integrated into stimuli-responsive 
platforms. One such chemistry that has been explored in 
this regard is dynamic-covalent bonding between 
phenylboronic acids (PBAs) and cis-1,2 or cis-1,3 diols.[15] 
In the context of drug delivery for diabetes, PBA–diol 
chemistry is susceptible to competition from glucose (a 
cis-1,2 diol), which in turn creates hydrogels where the 
extent of network crosslinking may be rendered glucose-
dependent.[16]  

 Prior reports have described hydrogel materials 
crosslinked using PBA–diol interactions and explored 
glucose-responsive release of encapsulated 
macromolecules from these networks.[17–20] Rich 
phenomena in polymer physics have also been elucidated 
from ideal network platforms prepared using this 
chemistry.[21] At the same time, PBA chemistry presents 
two key drawbacks in its application for use in glucose-
responsive materials. First, common diol chemistries 
used for polymer crosslinking have affinity for PBA 
significantly higher than that of glucose, which itself does 
not typically bind PBA with affinity sufficient for optimal 
function under physiological glucose concentrations. This 
challenge, in turn, limits glucose-responsive function of 

Figure 1: (A) Hydrogel networks are prepared from dynamic-covalent crosslinking interactions between aryl boronates and 
diols, each appended to a 4-arm polyethylene glycol (PEG) macromer. As these interactions are susceptible to competition 
from free diols such as glucose, this approach offers a route to materials for glucose-responsive delivery of insulin. However, 
traditional phenylboronic acids (PBAs) used thus far do not bind glucose with affinity (Keq) necessary for optimal function in 
physiologic conditions, and also bind to non-glucose analytes such as fructose and lactate with high affinity. The present 
work instead explores dynamic-covalent crosslinking with a diboronate (DiPBA) group, offering high-affinity glucose binding 
and greater resistance to binding non-glucose analytes, with the goal of more sensitive and specific glucose-responsive 
function. (B) Chemical structures of 4-arm PEG (4aPEG) macromers used in this work, bearing a fluorine-substituted PBA 
(FPBA), diboronate motif (DiPBA), pyridine-PBA (PyPBA), or glucose-like diol (Diol) moiety. 

 



 

the material. Second, the non-specific nature of the PBA–
glucose interaction means these linkages are subject to 
interference from binding of common analytes such as 
fructose and lactate,[19] which actually bind with higher 
affinity than glucose to most PBA chemistries.[22,23] 
Accordingly, limited glucose-responsiveness and 
sensitivity to non-glucose analytes present in the body act 
contrary to the envisioned application of these materials 
for stimuli-responsive release of insulin to control blood 
glucose levels in diabetes (Fig 1A).  

 A dynamic-covalent crosslinking chemistry is 
reported here that, for the first time, leverages high-
affinity and glucose-specific interactions from diboronate 
(DiPBA) motifs (Fig 1A). Inspired by work using rigid 
aromatic diboronates as fluorescent or electrochemical 
glucose sensors for their ability to simultaneously bind 
two distinct sites on glucose,[24–27] the present work 
explores the use of a novel related motif in the formation 
of hydrogel networks. By appending a DiPBA motif on a 
4-arm polyethylene glycol (4aPEG), its mixture with a 
Diol-4aPEG yields dynamic and self-healing hydrogels 
(Fig 1B). These materials exhibit improved glucose-
responsivity when compared to a standard PBA 
chemistry (FPBA) used in many prior reports, and in 
addition are more resistant to physiologically relevant 
concentrations of fructose and lactate. This design 
approach using motifs that bind glucose with high 
affinity and improved specificity furthermore offers 
dynamic injectable materials with improved function in 
encapsulation and glucose-responsive release of insulin 
in vitro and in vivo. 

RESULTS & DISCUSSION 
Diboronate Design. Previously reported diboronate 
glucose sensors include architectures of two 
phenylboronic acids attached to an aryl core via charged 
ammonium linkers.[24,27] In a variation on this 
approach, the DiPBA motif explored here has introduced 
adjacent charge via pyridine-based phenylboronic acid 
structures (Fig 1B). Diboronates are bidentate glucose 
binders, with a reported preference to bind two sites on 
glucose in its less abundant α-furanose form under 
aqueous conditions.[28,29] Besides conserving adjacent 
positive charge, the topology of this novel DiPBA design 
was also intended to afford a more rigid pocket for 
simultaneous glucose binding by both boronates (Fig S1). 
Details for the synthesis and molecular characterization 
of this novel DiPBA group, along with all other synthetic 
small molecules and macromers, are reported in the 
Online Supporting Information. As a control for this 
glucose-binding motif, a single pyridine-PBA (PyPBA) 
was also synthesized. DiPBA and PyPBA motifs were 
compared in this work to a fluorine-substituted PBA 

motif (FPBA) that has been routinely reported in glucose-
responsive materials and therapeutic constructs.[17,30] 
PBA binding to glucose and related diols exhibits a 
known dependence on the pKa of the boronate, with 
glucose binding occurring preferentially at pH values 
near or above the pKa of the particular PBA used. 
Accordingly, the pKa values of these three motifs were 
estimated by acid-base titration (Fig S2), and found to be 
pKa1=4.53 and pKa2=7.45 (DiPBA), 4.41 (PyPBA), and 7.32 
(FPBA). These results are comparable to previously 
reported pKa values for an FPBA variant (~7.2) and a 
PyPBA variant (~4.4).[31,32] 

Molecular-Scale Binding Validation. To first quantify 
the affinities of binding for these different PBA motifs to 
glucose, related analytes, and model diols, a set of small 
molecules (Fig S3) were synthesized for isothermal 
titration calorimetry (ITC) studies. A number of 
important trends emerge from these data (Fig 2A, Fig S4-
S7). For the DiPBA motif, its Keq for binding to glucose was 
1295 M-1, which was 1.7 times higher than that for fructose 
and 29 times higher than that for lactate. By comparison, 
the commonly used FPBA motif had Keq for glucose 
binding of only 8.6 M-1. This FPBA chemistry, meanwhile, 
demonstrated affinity for fructose that was 78 times 
higher and affinity for lactate that was 8 times higher than 
was found for glucose binding. The magnitude of FPBA 
binding to glucose from these measurements was 
comparable to values previously reported for related PBA 
chemistries (4.6 M-1), with this same prior report also 
noting affinity for fructose that was ~35 times higher than 
that for glucose.[22] Comparing the present results to 
published data obtained using common spectroscopic 
methods furthermore support the use of ITC in this 
present study Accordingly, concerns over low-affinity 
glucose-binding and poor glucose selectivity of 
traditional PBAs are supported by these ITC data, with 
both issues seemingly overcome using DiPBA chemistry. 
Interestingly, the PyPBA chemistry showed increased 
affinity for glucose (164.7 M-1) compared to FPBA, while 
also having relatively reduced fructose and lactate 
binding. In addition, to explore the likely outcomes of 
using each of these PBA motifs in the context of dynamic-
covalent networks a model diol (GdL-Diol) was prepared 
from reaction of glucono-δ-lactone (GdL) with 
benzylamine. The Keq of binding for each PBA motif to this 
model diol were nearly identical (~5x103 M-1). Moreover, 
ITC model fitting yielded a predicted ‘n’ value for 
diol:PBA that was nearly identical for all PBAs (e.g., 
n=0.713 for DiPBA and n=0.851 for FPBA). Taken 
together, these findings confirm similar 1:1 binding 
stoichiometry between all three PBA chemistries studied 
here and the GdL-derived diol chemistry commonly used 



 

in preparing dynamic-covalent PBA–diol networks in 
spite of two boronate species on the DiPBA motif. 

Hydrogel Network Preparation. Once small molecules 
were synthesized and validated for binding using ITC, 
PBA-modified macromers were prepared by end-group 
functionalization of 10 kDa 4-arm polyethylene glycol 
(4aPEG, Fig 1B), with the goal of realizing hydrogel 
networks through dynamic-covalent PBA–diol 
crosslinking. Briefly, DiPBA-4aPEG and PyPBA-4aPEG 
were synthesized via thiol-maleimide Michael addition 
between 4aPEG-SH and maleimide-modified DiPBA or 
PyPBA small molecules (Fig S13-S14). This route used 
high-yielding conjugation chemistry to achieve 
quantitative modification of macromers, simultaneously 
avoiding harsh alternative reaction conditions that were 
found to compromise stability of pyridine-based PBA 
motifs in preliminary efforts. The FPBA-4aPEG was 
synthesized via amide formation between 4aPEG-NH2 
and 4-carboxy-3-fluorophenylboronic acid following 
previously reported methods,[17] achieving quantitative 
functionalization here (Fig S15). To prepare a diol-
modified macromer (Diol-4aPEG) for construction of the 
hydrogel network, 4aPEG-NH2 was reacted with GdL in 

the presence of triethylamine as previously reported,[17] 
yielding a fully modified macromer here (Fig S16). 
 With modified 4aPEG macromers in hand, hydrogel 
networks prepared from these macromers were next 
evaluated. Dynamic-covalent hydrogels were formed 
over a range of macromer concentrations by combining 
equimolar Diol-4aPEG with each of the PBA-modified 
4aPEGs for oscillatory rheology, first performing a strain 
sweep to verify the linear viscoelastic region and then 
performing a frequency sweep at constant strain of 3% 
(Fig 2B, Fig S20). The G’/G’’ crossover is often used to 
estimate koff for dynamically associating networks,[33,34] 
wherein koff=τR-1. Under oscillatory deformation, only the 
energy that remains in bonds over the timescale of 
oscillation contributes to G’, and thus the G’/G’’ crossover 
point reflects the time constant for average bond lifetime 
in the network. These data thus reveal highly dynamic 
networks, with a time constant of network relaxation (τR) 
estimated to be ~7 s for the DiPBA–diol network on the 
basis of the G’/G’’ crossover frequency. Some differences 
in koff are evident when comparing DiPBA (0.14 s-1), FPBA 
(0.45 s-1), and PyPBA (0.23 s-1). In the terminal regime 
assessed at low frequency, the rate of bond reorganization 

Figure 2: (A) Tabulated binding affinities (Keq) determined from isothermal titration calorimetry (ITC) data performed on 
small molecule variants of the DiPBA, FPBA, and PyPBA binders with glucose, fructose, lactate, and a model diol crosslinker 
motif (GdL-diol) along with representative presentation of model-fitted data for DiPBA with each of these analytes. (B)  
Representative concentration-dependent oscillatory rheology frequency sweep data for hydrogels prepared from DiPBA–
diol crosslinking. The G’/G’’ crossover is used to approximate the network relaxation rate (!R). (C) The plateau moduli (Gp, 
G’ at twice G’/G’’ crossover) from frequency sweeps of each network were fit to a dynamic-modified phantom network model 
to estimate the binding affinity (Keq) of the dynamic-covalent crosslinking interactions in the gel. 



 

exceeds the time constant of oscillation. In this regime, the 
behavior of materials scaled with frequency in a manner 
consistent with terminal relaxation and linear 
viscoelasticity (G’≈ω2, G’≈ω’).[35] PBA–diol dynamic-
covalent crosslinking underlies the gelation behavior 
observed for these macromers; 5 wt% hydrogels prepared 
from equimolar mixing of DiPBA-4aPEG with Diol-
4aPEG had a “zero-shear” viscosity of 133.5 kP and 
demonstrated shear-thinning behavior (Fig S21). By 
comparison, 5 wt% solutions of each macromer had 
viscosities roughly 6 orders of magnitude lower (~10 cP), 
no different from unmodified 4aPEG-OH. Accordingly, 
only in the presence of equimolar diPBA and diol groups 
did hydrogelation occur. 
 Using a dynamic-modified phantom network model 
developed for related PBA–diol ideal networks to 
establish the effective affinity of PBA–diol network 
crosslinking,[21] the Keq of binding for different PBA-
modified 4aPEGs to Diol-4aPEG was determined to be 
305 M-1 (DiPBA), 309 M-1 (FPBA), and 180 M-1 (PyPBA) 
through model fitting (Fig 2C). The reader is encouraged 
to review the referenced work for specific details of this 
model.[21] Importantly, this model assumes ideal 
network behavior. Given canonical Maxwell behavior 
evident from terminal relaxation behavior and 
concentration-independent G’/G’’ crossover for the 
networks fit using this model herein, and by using simple 
4aPEG precursors that yield a defined length of elastically 
active network strands, an ideal or “ideal-like” 
assumption is reasonable. Moreover, the macromers and 
crosslinking chemistries used here are, by design, very 
similar to those used to develop the model in this 
previous work. The possibility exists for some extent of 
non-ideality such as loops or entanglements,[36,37] 
though homogeneity in relaxation time across 
concentrations supports PBA–diol interactions as the 
dominant mode of network formation and dynamics. 
Reports on the overlap concentration (c*) of 4aPEG 
macromers in water—a good solvent for PEG when at 
near-ambient temperatures—further support limited 
entanglements in the concentration range of 2-6 wt% 
explored here.[38,39] Indeed, c* is estimated to be 11.5 
wt% for these 10 kDa 4aPEG macromers, as calculated 
using reported methods (see online supporting 
information).[40,41] Accordingly, the combination of these 
factors support dynamic-covalent interactions between 
macromers as the primary contributor to network 
elasticity and validate selection of the dynamic-modified 
phantom network model to approximate Keq for these 
networks.  
 The magnitude of Keq values determined for the 
present materials are consistent with results from work 
that developed this dynamic-modified phantom network 

model, also using 4aPEG materials crosslinked by PBA–
diol interactions (~275 M-1).[21] Notably, the values 
derived when applying this model to the networks here 
were ~1 order of magnitude lower than those determined 
from ITC binding studies between small molecule PBAs 
and GdL-diol. This difference in binding affinity for 
motifs in the hydrogel state is perhaps reasonable given 
that presentation of multiple binding motifs on higher 
molecular weight macromers is expected to reduce the 
rate of association (kon) as well as impose a relative penalty 
in translational entropy (ΔS) associated with linking large 
macromolecules as compared to interactions between 
small molecules. Indeed, when the DiPBA and GdL-diol 
motifs are presented on the ends of freely diffusing 5 kDa 
mPEG chains (Fig S22), a modest reduction in Keq was 
observed for the interaction between these two motifs 
using ITC (~3x103 M-1), with the interaction between the 
polymer-appended motifs being less entropically 
favorable (ΔS = 0.35 cal/mol*K) compared to that between 
the small molecules (ΔS = 3.1 cal/mol*K). In both cases, 
however, interactions are primarily enthalpically driven. 
Though these studies do not fully capture the differences 
observed once transitioned to use for hydrogel 
crosslinking on 4aPEG macromers, the combination of 
studies in ITC and rheology demonstrate the importance 
of characterizing interactions in situ and illustrate a key 
benefit of the dynamic-modified phantom network model 
to study this class of interactions. While all motifs bound 
GdL-diol comparably using ITC, in the gel state a small 
reduction in Keq for PyPBA was observed relative to 
DiPBA and FPBA. This finding likewise demonstrates the 
importance of quantifying Keq of dynamic-covalent 
crosslinking motifs in situ so as to reveal changes arising 
from polymer presentation of binding motifs.  
 The results for Keq from this model, combined with koff 
values estimated from G’/G’’ crossover values, enables 
approximation of kon for DiPBA (42.7 M-1s-1), FPBA (139 M-

1s-1), and PyPBA (41.4 M-1s-1) networks. These differences 
in association rates, especially between DiPBA and FPBA, 
may be attributed to different steric limitations of Diol 
binding for each PBA motif. As postulated initially from 
ITC results, similar association rates for DiPBA and 
PyPBA further support 1:1 binding stoichiometry 
between DiPBA and the GdL-derived diol used in 
network formation. These studies therefore illustrate 
comparable dynamic-covalent equilibrium bonding 
interactions for both DiPBA-4aPEG and FPBA-4aPEG to 
Diol-4aPEG, and while minor differences are apparent in 
the bond dynamics of these interactions their similar 
equilibrium binding state supports a focused comparison 
between this new DiPBA motif with the traditionally used 
FPBA motif for the remainder of the studies presented in 
this work. 



 

Glucose-Responsive Gelation. Glucose-dependent 
dynamic material properties were next evaluated for 
these hydrogels using oscillatory rheology, comparing 
dynamic-covalent networks prepared from DiPBA–diol 
and FPBA–diol crosslinking. Hydrogels were formulated 
by mixing PBA-bearing 4aPEG macromers with 
equimolar Diol-4aPEG at a total polymer concentration of 
2 mM (~2% w/v) in a pH 7.4 buffer containing various 
glucose concentrations (Fig 3A). As glucose concentration 
increased, it was hypothesized that hydrogels would 
become weaker due to increased competition from 
glucose with the underlying dynamic-covalent crosslinks. 
Since DiPBA binds with a higher affinity to glucose than 
does FPBA, it was also expected that DiPBA hydrogels 
would be more sensitive to glucose since the analyte 
would better compete for DiPBA crosslinks at 
comparable concentrations. Glucose concentrations were 
selected to span a physiologically relevant range from 
normoglycemic levels of 5.5 mM (100 mg/dL) to 
hyperglycemic levels of 22 mM (400 mg/dL). For ease in 
comparison, the G’ values were plotted for each glucose 
concentration at a frequency of 20 rad/s (Fig 3B); the same 
general trends hold for G’ over the apparent plateau 

region from 20-100 rad/s. From this data, the DiPBA 
hydrogels demonstrated substantial reduction in their 
storage modulus with increased glucose. This result 
arises from an increased fraction of network crosslinks 
being disrupted, and thus less energy stored in the bonds 
of these networks under oscillatory deformation. At 22 
mM glucose, the DiPBA network was no longer a self-
supporting gel (Fig S23). The FPBA hydrogels, by 
comparison, exhibited some glucose-responsive change 
in storage modulus, though this effect was less dramatic 
than that observed for DiPBA; a stable hydrogel remained 
for FPBA in 22 mM glucose with only ~50% reduction in 
G’ compared to the glucose-free case. Accordingly, the 
DiPBA hydrogel platform affords more dramatic glucose-
responsive mechanical properties at physiological 
glucose concentration. The underlying bond dynamics 
for the DiPBA hydrogels were likewise increased upon 
addition of glucose, with a shift in τR from 7 s (0 mM 
glucose) to 3 s (11 mM glucose). The increase in dynamics 
of network bonding is likewise expected due to increased 
competition from soluble glucose. In spite of glucose-
responsive function being claimed in other reports of 
FPBA–diol hydrogels,[17] these studies did not conduct 

Figure 3: (A) Glucose-dependent oscillatory rheology frequency sweeps performed for networks crosslinked by DiPBA–Diol 
(left) or FPBA–Diol (right) dynamic-covalent interactions. Hydrogels were prepared at 2 mM macromer concentration in pH 
7.4 buffer in all cases, with the addition of glucose at a concentration of 0, 5.5, 11, or 22 mM.  (B) Comparative G’ values 
(at 20 rad/s) for each hydrogel formulation at the various glucose concentrations. (C) Glucose-dependent release of FITC-
insulin from hydrogels crosslinked by DiPBA–Diol (left) or FPBA–Diol (right) dynamic-covalent interactions. Hydrogels were 
prepared in a volume of 100 μL and 2 mM macromer concentration in 3.5 mL pH 7.4 buffer in all cases, with the addition of 
glucose in a bulk phase at concentrations of 2.3, 5.5, 11, or 22 mM.  Data were fit to a standard first-order release model. 
(D) Step-change release, beginning with both DiPBA and FPBA hydrogels in a bulk glucose solution of 2.3 mM, with a 
complete exchange of the bulk buffer after 2 h to one containing 22 mM glucose. Data for each phase were fit to a standard 
first-order release model. 



 

any glucose-dependent rheological measurements and 
thus comparison of the effect observed here to prior work 
is not possible.  

Glucose-Responsive Insulin Release. After confirming 
glucose-responsive hydrogelation, controlled release of 
an encapsulated insulin payload was next assessed (Fig 
3C). Hydrogels were prepared in all cases from a 1:1 
molar ratio of the PBA or DiPBA motif to diol at 2 mM 
total macromer concentration in pH 7.4 buffer. As 
hydrogels were being formed, fluorescently labeled 
insulin was included for entrapment in the network to 
study its glucose-responsive release. Each hydrogel was 
immersed in a bulk buffer containing different 
physiologically relevant glucose concentrations ranging 
from 2.3 mM (42 mg/dL) to 22 mM (400 mg/dL). 
Significant glucose-dependent function was observed for 
the DiPBA hydrogel, evident in both its rate and amount 
of insulin release. Comparing the two glucose 
concentration extrema, the initial rate of release over the 
first 3 h increased from 0.08 h-1 (2.3 mM) to 0.20 h-1 (22 
mM), while the total amount of insulin released at 8 h 
increased from 35% (2.3 mM) to 80% (22 mM). Though 
glucose-dependent differences were also evident in FPBA 
hydrogels, both the initial rate (0.10 h-1 vs. 0.16 h-1) and 
final amount (50% vs. 75%) of insulin release were less 
dependent on glucose concentration (again, 2.3 mM vs. 22 
mM). DiPBA hydrogels thus exhibit a release response 
directly dictated by glucose, whereas release from FPBA 
hydrogels is more modestly impacted. Some apparent 
disconnect between rheology data and release studies is 
evident; FPBA hydrogels had G’ values less impacted by 
glucose, yet both networks release insulin and FPBA 
actually releases more rapidly at lower glucose levels. It 
is important to note that the G’ values compared 
previously (Fig 3B) are dictated by Keq of the network, yet 
network dynamics (i.e., kon and koff) are also different 
between DiPBA and FPBA networks. With no glucose, the 
DiPBA networks are less dynamic than FPBA, but as 
glucose increases network dynamics of the DiPBA 
material increase rapidly. The mean mesh size of 4aPEG 
networks prepared from comparable molecular weight 
macromers at comparable weight percent was estimated 
as ~8 nm,[42] while insulin has a hydrodynamic diameter 
of ~6 nm nm in its most abundant zinc hexamer form.[43] 
Therefore, with some extent of obstruction-limited 
macromer solute diffusion, more rapid network 
dynamics likely yield higher effective diffusivity for 
insulin. Accordingly, release is accelerated in the FPBA 
networks without glucose, while the increased dynamics 
coupled with reduced crosslinking of the DiPBA network 
as glucose is increased likely underlie the significant 
acceleration in insulin release for this system. In addition, 
DiPBA hydrogel networks proved much more 

susceptible to erosion upon exposure to glucose than did 
FBPA networks (Fig S24), suggesting erosion-dominated 
release arising from glucose competing with PEG-
appended diols to disrupt DiPBA network structure. 

 It is noted that prior work using 10 wt% FPBA–diol 
hydrogels showed very limited glucose-responsive 
release of insulin (~35 kDa as hexamer), though 
differences were observed for the release of a much larger 
IgG (~150 kDa) payload.[17] Glucose-responsive release 
of β-galactosidase (465 kDa) was also shown for a related 
PBA–diol network at 10 wt%.[19] Unlike these prior 
works, some glucose-responsive release of insulin was 
actually observed here using the FPBA–diol network, and 
this effect was improved using the DiPBA–diol network. 
It is hypothesized that this finding results from the lower 
polymer concentration (~2 wt%) used in these studies 
compared to prior work, improving the ability of glucose 
to compete with PEG-appended diols to shift the 
dynamic-covalent equilibrium and disrupt FPBA–diol 
crosslinking. To demonstrate this point, limited glucose-
responsive function—as was previously reported for 
FPBA–diol hydrogels—was confirmed here for 10 wt% 
FPBA–diol hydrogels, whereas DiPBA–diol hydrogels 
maintained their glucose-responsive function at this 
elevated polymer concentration (Fig S25). 
 To improve function in blood glucose control, 
accelerated insulin release upon an increase in glucose 
level—as occurs following a meal—is a desirable 
property for a hydrogel depot. Accordingly, this function 
was assessed for hydrogels with encapsulated insulin by 
a sudden change in glucose concentration of the bulk 
release media (Fig 3D). Over an initial time of 2 h, gels 
were immersed in a release buffer containing 2.3 mM 
glucose. In this time, FPBA hydrogels released 30% of 
encapsulated insulin compared to 25% released from 
DiPBA hydrogels. After 2 h, the buffer was exchanged for 
a buffer containing 22 mM glucose to mimic a sudden 
increase in blood glucose. Over the ensuing 2 h, the total 
release for the FPBA hydrogels increased from 30% to 
55%, while the DiPBA hydrogels showed a marked 
increase in release from 25% to 70%. These findings 
demonstrate increased responsiveness for the DiPBA 
platform, rapidly accelerating insulin release upon a 
sudden increase in glucose concentration. 

Glucose-Specific Gelation. After establishing and 
comparing the relative glucose-responsive function of 
these hydrogels, their interaction with non-glucose 
analytes was next evaluated. Hydrogels were formulated 
at 2 mM (~2 wt%) macromer concentration, as before, 



 

with different amounts of competing analytes. From the 
initial ITC results, it was hypothesized that the DiPBA 
hydrogel should be less sensitive to crosslink disruption 
by non-glucose analytes than would the FPBA hydrogel. 
The concentrations of the competing analytes studied 
were 1 mM for fructose and 5 mM for lactate, selected to 
be on the upper end of their physiologically relevant 
range of exposure.[44,45] These results were compared to 
the hydrogel response resulting from incubation with 22 
mM glucose, also on its upper end of diabetic 
physiological exposure concentration. Oscillatory 
rheology was performed as before (Fig 4A), and G’ values 
were compared as described before for each hydrogel 
formulation with each analyte (Fig 4B). These results 
point to limited responsiveness of the DiPBA hydrogel to 
5 mM lactate (G’ = 143 Pa) and 1 mM fructose (G’ = 174 
Pa) compared to 22 mM glucose (G’ = 4 Pa, sol). These data 
thus support the glucose specificity of DiPBA 
crosslinking chemistry relative to its response to non-
glucose analytes present at their physiological 

concentrations. The FPBA hydrogel, by comparison, 
responded comparably to lactate (G’ = 48 Pa) and fructose 
(G’ = 66 Pa) as it did to glucose (G’ = 81 Pa), indicating no 
glucose specificity of the crosslinking mechanism in this 
platform. Though ITC data suggested similar affinities for 
both DiPBA and FPBA binding to fructose and lactate, the 
results evident from the impact of these analytes on 
gelation offer a striking contrast. As ITC only captures the 
equilibrium state, rheological differences could arise from 
the difference network dynamics previously described, 
wherein the more dynamic FPBA hydrogel rendered it 
more susceptible to competition from analytes. Again, 
this discrepancy points to the importance of evaluating 
molecular-scale crosslinking interactions in situ.  

Glucose-Specific Insulin Release. In the context of 
insulin therapy, interference from lactate presents an 
especially problematic outcome for a delivery depot; 
whereas fructose arises from dietary sources and 
typically overlaps with glucose consumption and insulin 

Figure 4: (A) Analyte-dependent oscillatory rheology frequency sweeps performed for networks crosslinked by DiPBA–Diol 
(left) or FPBA–Diol (right) dynamic-covalent interactions. Hydrogels were prepared at 2 mM macromer concentration in pH 
7.4 buffer in all cases, with the addition of no analyte (PBS), fructose (1 mM), sodium lactate (5 mM), or glucose (22 mM).  
(B) G’ (at 20 rad/s) for each hydrogel formulation when exposed to the various analytes. (C) Glucose- and lactate-dependent 
release of FITC-insulin from hydrogels crosslinked by DiPBA–Diol (left) or FPBA–Diol (right) dynamic-covalent interactions. 
Glucose concentration was either normal (5 mM, dashed) or moderately elevated (10 mM, solid), while lactate was either 
normal (0.5 mM, teal) or elevated (5 mM, magenta). Hydrogels were prepared in a volume of 100 μL and 2 mM macromer 
concentration in 3.5 mL pH 7.4 buffer in all cases, with the addition of glucose and lactate in the bulk phase at the 
concentrations indicated.  Data were fit to a standard first-order release model. (D) Step-change release, beginning with 
both DiPBA and FPBA hydrogels in a bulk glucose solution of moderately elevated glucose (10 mM) and normal lactate (0.5 
mM), with a complete exchange of the bulk buffer after 2 h to one containing the same glucose concentration (10 mM) but 
elevated lactate (5 mM). Data for each phase were fit to a standard first-order release model. 

 



 

need,[46] lactate is frequently elevated during and after 
periods of vigorous exercise.[47] Lactate is also known to 
be elevated in diabetics with poorly managed 
disease.[48,49] Thus, the impact of lactate was further 
explored for its role in triggering undesired insulin 
release from PBA–diol hydrogels (Fig 4C). DiPBA-4aPEG 
or FPBA-4aPEG macromers were mixed with equimolar 
Diol-4aPEG at 2 mM total macromer concentration and 
incubated in a buffer containing physiologically relevant 
glucose and lactate concentrations. Four conditions were 
selected, combining glucose that was either normal (5 
mM) or slightly elevated (10 mM) with physiologically 
relevant lactate levels mimicking normal (0.5 mM) and 
elevated (5 mM) states. The presence of lactate prompted 
no significant enhancement in insulin release from DiPBA 
hydrogels; these instead had release profiles that were 
fully dictated by glucose level but independent of the 
addition of either normal or high levels of lactate. The 
FPBA hydrogels, conversely, showed increased release in 
response to increases in both glucose and lactate. These 
findings corroborate data demonstrated previously in 
both ITC and rheology studies that showed FPBA–lactate 
binding and lactate-driven network disruption, 
respectively.  

 As lactate levels may rise quickly with vigorous 
exercise, this scenario was recreated by studying the 
change in insulin release upon a sudden change in a stable 
environment of slightly elevated glucose (10 mM) from 
low (0.5 mM) to high (5 mM) lactate levels (Fig 4D).  
Hydrogels were immersed in a buffer containing 10 mM 
glucose and 0.5 mM lactate for an initial period of 2 h. 
Over this time, FPBA hydrogels released 30% of their 
insulin while DiPBA released 35%, confirming the 
increased glucose-responsiveness of the DiPBA platform 
observed previously at moderately elevated glucose. 
After this initial period, the buffer was then exchanged for 
a buffer that maintained the 10 mM glucose concentration 
but increased lactate levels to 5 mM. Over this additional 
2 h period at elevated lactate, FPBA hydrogels released an 
additional 40% of encapsulated insulin, while DiPBA 
hydrogels released only an additional 25% of 
encapsulated insulin. These data further support the non-
specific sensitivity of FPBA hydrogels, whereas release 
from DiPBA hydrogels was not substantially impacted by 
elevated lactate as a model physiologically relevant non-
glucose analyte. 

Responsive Therapeutic Function. In order to verify 
therapeutic function of this DiPBA-based hydrogel 
platform, an in vivo study in streptozotocin-induced 
diabetic mice was performed (Fig 5A). This model 
recreates pathological features of Type-1 diabetes 
through chemical destruction of pancreatic β-cells, 
leading to a hyperglycemic and insulin-deficient 

phenotype. Fasted mice that remained in a state of severe 
hyperglycemia (>550 mg/dL) were subcutaneously 
administered DiPBA or FPBA hydrogels with 
encapsulated insulin, alongside controls of free insulin 
and saline. Insulin dosing was selected for matched 
potency upon initial administration, evident in the rate of 
blood glucose reduction, while simultaneously avoiding 
incidence of overdose leading to severe hypoglycemia 
(<50 mg.dL); thus 4 IU/kg was administered for insulin 
alone and 7 IU/kg administered for insulin encapsulated 
in hydrogels. Glucose levels were monitored over time 
using handheld glucometers (Fig 5B). Treatment with 
both DiPBA and FPBA hydrogels, as well as that with 
control insulin, demonstrated blood glucose correction 
following administration; hydrogels reduced blood 
glucose to ~60-80 mg/dL and insulin reduced blood 
glucose to ~100 mg/dL. Differences in both the onset and 
duration of action between the free insulin control and 
both hydrogels were evident in this early time, with 
insulin reaching its nadir value at ~1 h and slowly 
increasing after this time while both hydrogels continued 
to reduce blood glucose levels to achieve nadir at ~3 h; 
this corresponds to the expected controlled release of 
insulin from hydrogels. Saline treatment, meanwhile, 
demonstrated some blood glucose reduction expected 
due to continued fasting and recovery from the 
stimulation of handling and injection. A key objective of 
these studies was to determine the relative 
responsiveness of DiPBA–diol networks compared to 
those prepared using FPBA–diol. As such, following 
administration and blood glucose correction an 
intraperitoneal glucose tolerance test (GTT) was 
performed on all mice. Both hydrogels demonstrated 
blood glucose recovery approaching their pre-challenge 
baseline over 3 h, while insulin treated mice had 
dramatically increased blood glucose without any 
subsequent correction. This cycle was repeated a second 
time, where DiPBA and FPBA hydrogels again 
demonstrated blood glucose correction. Comparing the 
area under the curve (AUC) following each challenge, the 
DiPBA hydrogels exhibited significantly improved 
responsiveness (P<0.05) when compared to FPBA 
hydrogels following both rounds of GTT (Fig 5C). This 
effect is especially evident in the second challenge, where 
AUC values were doubled for FPBA-treated mice 
compared to DiPBA treatment. The FPBA hydrogels also 
failed to correct blood glucose back to a normoglycemic 
range for mice (BG ≤180 mg/dL) within 3 h of the second 
GTT. The improved responsiveness exhibited by DiPBA 
hydrogels is attributed to its more sensitive and glucose-
specific mode of release. At the time of the second 
challenge, there is less insulin on board hydrogels due to 
6 h of prior release. Accordingly, the more rapid 



 

responsiveness demonstrated in vitro (Fig 3D) likely 
enables increased release of remaining depleted insulin 
reserve from DiPBA hydrogels in response to the second 
GTT. Unfortunately, the dynamic and deformable nature 
of the hydrogels made impossible any post-mortem 
isolation to quantify insulin remaining in the hydrogels at 
the study endpoint. It is also not possible to place these 
results in the context of other work on PBA–diol 
hydrogels, as these prior technologies were not evaluated 
in a therapeutic capacity in vivo.  

CONCLUSIONS 
Diborantes have been explored as molecular glucose 
sensors for their ability to bind glucose at physiologically 
relevant concentrations and their resistance to 
interference by non-glucose analytes. Herein, a new 
DiPBA motif was developed and used for the first time to 
prepare dynamic-covalent hydrogels networks. 
Molecular-scale binding studies using ITC demonstrated 

this new DiPBA to have glucose affinity that was 150 
times higher than that of a traditional PBA motif. 
Simultaneously, this DiPBA motif showed reduced 
binding to fructose and lactate; interference from these 
non-glucose analytes presents a significant hurdle to the 
use of PBA-based materials due to the possibility that 
these physiological analytes, and specifically lactate, may 
trigger non-specific insulin release. Rheology studies on 
dynamic-covalent hydrogels demonstrated DiPBA–diol 
crosslinking to be more glucose-sensitive than FPBA–diol 
crosslinking. In addition, hydrogels crosslinked by 
DiPBA–diol interactions were minimally impacted by 
non-glucose analytes like fructose and lactate; these 
analytes were at least as effective as glucose in disrupting 
crosslinking of FPBA–diol materials. In the context of 
glucose-responsive insulin delivery for blood glucose 
management in diabetes, the glucose sensing and 
specificity of DiPBA–diol crosslinking translated to 
improved glucose-responsive insulin release from the 
hydrogels. The improved responsiveness of DiPBA-based 

Figure 5: (A) A schematic overview with of the experimental procedure to assess in vivo the glucose-responsive function of 
hydrogels, evaluating these in streptozotocin (STZ)-induced diabetic mice with multiple intraperitoneal glucose tolerance 
tests (GTT). (B) Blood glucose monitoring following therapeutic administration (t=0), including two glucose tolerance tests 
(t=180 and 360 minutes). Mice were randomized into treatment groups with n=6-7 per group. (C) The area under the curve 
(AUC) following each GTT was quantified by the trapezoidal method and compared for the two hydrogel formulations, with 
significance (*- P<0.05) determined using Student’s t-test. 



 

crosslinking was further validated in a diabetic mouse 
model, exhibiting more effective blood glucose correction 
following multiple glucose challenges. This approach to 
use more sensitive and specific DiPBA–diol crosslinking 
thus offers a new material-centered approach with the 
potential to achieve the longstanding goal of glucose-
responsive insulin therapy, overcoming limitations of 
commonly used PBA-based crosslinking chemistries. 

EXPERIMENTAL PROCEDURES 

Synthetic Methods. For detailed synthetic schemes and 
methodology, as well as 1H NMR characterization, please 
see the online supporting information. 

Acid-Base Titration. In order to determine pKa for the 
small molecule boronate variants used here, a 0.01 M 
stock solution of the PBA of interest was prepared by 
dissolving 0.2 mmol of each PBA in 20 mL DI water. The 
solution was then titrated with 0.005 M NaOH solution 
under constant stirring with pH monitoring. 

Isothermal Titration Calorimetry. The binding affinities 
(Keq) between different small molecule PBAs and model 
analytes (Fig S3) were measured through 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 
µL syringe and 200 µL cells and consisting of 19 
injections. The measurements were performed by 
titrating glucose, fructose, sodium lactate or Diolsm from 
the syringe into a solution of small molecule variants of 
DiPBAsm, PyPBAsm, or FPBAsm loaded in the cell. In all 
titration experiments, the cell concentration was 1mM, 
while the analyte concentrations in the syringe were 
varied according to experimental optimization. All raw 
data were corrected by subtraction of a dilution 
measurement of the titrated analytes into buffer, and 
were then analyzed and graphed using the integrated 
public-domain software packages of NIPIC, SEDPHAT, 
and GUSSI according to a published protocol.[50] 

Oscillatory Rheology. Hydrogel mechanical properties 
were evaluated with a TA Instruments HR-2 rheometer 
fitted with a Peltier stage set to 25oC. All measurements 
were performed using a 25 mm parallel plate geometry. 
Oscillatory strain amplitude sweep measurements were 
first conducted at a frequency of 20 rad/s. Oscillatory 
frequency sweep measurements were then conducted at 
3% strain after verification that this was in the linear 
viscoelastic region for all materials. Several rheology 
studies were performed, and hydrogels were prepared 
according to the various parameters being assessed: i) For 
studies of concentration-dependent hydrogelation, stock 
solutions of PBA-bearing macromers (DiPBA-4aPEG, 

PyPBA-4aPEG, or FPBA-4aPEG) and Diol-4aPEG were 
prepared in 1X PBS. To formulate hydrogels, appropriate 
volumes of each macomer stock solution (at 1:1 motif to 
diol by mole) and PBS were combined to yield the final 
desired polymer concentration. ii) For studies of glucose-
dependent hydrogelation, glucose-containing buffers 
were prepared by dissolving glucose with PBS to yield a 
desired glucose concentration (0 mg/dL, 100 mg/dL, 200 
mg/dL, and 400 mg/dL). Then stock solutions of PBA-
bearing macromers (DiPBA-4aPEG, PyPBA-4aPEG, or 
FPBA-4aPEG) and Diol-4aPEG were prepared in these 
various glucose-containing PBS solutions. To formulate 
hydrogels, appropriate volumes of each macomer stock 
solution (at 1:1 motif to diol by mole) were combined to 
yield a final desired polymer concentration of 2 mM. iii) 
For analyte-dependent hydrogelation, lactate, fructose, 
and glucose were dissolved in PBS to yield their final 
desired concentrations (Lactate: 5 mM, Fructose: 1 mM, 
Glucose: 22 mM). Then stock solutions of PBA-bearing 
macromers (DiPBA-4aPEG, PyPBA-4aPEG, or FPBA-
4aPEG) and Diol-4aPEG were prepared in these various 
PBS solutions. To formulate the hydrogels, appropriate 
volumes of each macomer stock solution (at 1:1 motif to 
diol by mole) were combined to yield a final desired 
polymer concentration of 2 mM in the buffer containing 
the desired analyte. 

FITC-insulin release studies. A variety of studies were 
performed to assess the glucose-responsive and glucose-
specific release of insulin from hydrogels. i) To evaluate 
glucose-dependent FITC-insulin release from hydrogels, 
0.1 ml hydrogels were prepared in a pH 7.4 PBS buffer at 
2 mM polymer concentration (at 1:1 motif to diol by mole) 
along with 20 µg FITC-insulin per hydrogel. Gels were 
then incubated in circular molds placed within 12-well 
plates and immersed in 3.5 mL of pH 7.4 release buffer 
containing 2.3, 5.5, 11 or 22 mM of glucose. At each time 
point, a 20 µL aliquot was taken and further diluted to 200 
µL for fluorescence analysis (Ex: 485 nm, Em: 520 nm) on 
a Tecan M200 plate reader. The bulk was adjusted by 
addition of 20 µL of the same release buffer to maintain 
constant volume with each sampling. Released FITC-
insulin concentrations were determined using a standard 
curve. After 8 h, gels were manually destroyed by treating 
with HCl 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. ii) To evaluate FITC-insulin release 
upon a sudden increase in glucose level to mimic a 
hyperglycemic spike, hydrogels were prepared as before 
and immersed in 3.5 mL of pH 7.4 release buffer 
containing 2.3 mM glucose for 2 h. Subsequently, the 
release buffer was completely removed and replaced with 
3.5 mL of pH 7.4 buffer containing 22 mM glucose and 



 

release was monitored for an additional 2 h. At each time 
point, a 20 µL aliquot was taken and further diluted to 200 
µL for fluorescence analysis, and endpoint analysis and 
mass balance closure were performed, as before. iii) To 
evaluate glucose-specific FITC-insulin release from 
hydrogels, 0.1 ml of hydrogel were prepared as before in 
pH 7.4 PBS at 2 mM polymer concentration and 
containing 20 µg FITC-insulin. Gels were then immersed 
in 3.5 mL of pH 7.4 PBS containing either a) 5 mM glucose 
and 0.5 mM sodium lactate, b) 5 mM glucose and 5 mM 
sodium lactate, c) 10mM glucose and 0.5mM sodium 
lactate, or d) 10mM glucose and 5mM sodium lactate. At 
each time point, 20 µL samples were collected, diluted to 
200 µL, and analyzed as normal, along with replacement 
of 20 µL fresh buffer to the bulk. After 8 hours, gels were 
manually destroyed by HCl and analyzed for insulin 
content to ensure mass balance closure. iv) To evaluate 
FITC-insulin release with a sudden increase in sodium 
lactate to mimic post-exercise elevation, 0.1 ml of 
hydrogel were prepared as before in pH 7.4 PBS at 2 mM 
polymer concentration and containing 20 µg FITC-
insulin. Gels were then immersed in 3.5 mL of pH 7.4 
buffer containing 10 mM glucose and 0.5 mM sodium 
lactate for 2 h. Subsequently, the release buffer was 
completely removed and replaced with 3.5 mL of pH 7.4 
buffer containing 10 mM glucose and 5 mM sodium 
lactate for 2 h. At each time point, a 20 µL aliquot was 
taken and further diluted to 200 µL for fluorescence 
analysis, and endpoint analysis and mass balance closure 
were performed, as before. 

Blood glucose control in vivo. To evaluate the 
performance hydrogels for blood glucose control, male 
C57BL6/J mice (8 weeks old, ~25 g/mouse; Jackson 
Laboratory) were induced to be insulin deficient using 
streptozotocin (STZ). Mice were fasted for 4 h, following 
which a single intraperitoneal (i.p.) injection of STZ at a 
dose of 150 mg/kg was administered. Following an 
additional 30 min fast, food was returned. Seven days 
following STZ treatment, insulin-deficient diabetes was 
verified using hand-held blood glucose meters (CVS 
brand) with unfasted blood glucose (BG) levels ensured 
to be above 600 mg/dL for study inclusion. Mice were 
then fasted for 12 h, and those with BG > 550 mg/dL were 
randomly divided into 4 groups (n=6-7/group). Groups 
were treated with one of the following: a) 0.1 mL pH 7.4 
PBS buffer, b) 0.1 mL human recombinant insulin (4 
IU/kg), c) 0.1 mL insulin-loaded DiPBA hydrogel (1:1 
molar ratio of DiPBA-4aPEG to Diol-4aPEG, insulin dose 
of 7 IU/kg), or d) 0.1 mL insulin-loaded FPBA hydrogel 
(1:1 molar ratio of FPBA-4aPEG to Diol-4aPEG, insulin 
dose of 7 IU/kg) via subcutaneous (s.c.) injection. BG level 
were continuously monitored for 3 h after treatment. To 
examine gel response to a sudden increase in BG, a 

glucose tolerance test was performed by i.p. injection of 
glucose (1.25 g/kg glucose, 0.1 mL). BG were 
subsequently monitored for 3 h. A total of two IPGTT 
cycles were performed. Mice were fasted for the duration 
of the experiment with continuous access to water. All 
experiments followed a protocol (#21-11-6916) approved 
by the University of Notre Dame Animal Care and Use 
Committee (IACUC) and adhered to all relevant 
Institutional, State, and Federal guidelines. Area under 
the curve (AUC) was calculated using the trapezoidal rule 
and statistical analysis was performed to compare DiPBA 
and FPBA treatment groups using Graphpad Prism v9.0, 
with significance obtained using a Student’s t-test. 

SUPPLEMENTAL INFORMATION 
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The Online Supporting Information (.PDF) includes: 
Detailed synthetic methods, schemes, and 1H NMR 
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Titration Calorimetry (ITC); ESI-MS; Rheology; Release 
Study. 
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Caption: 
The preparation of hydrogels crosslinked using diboronate motifs affords more glucose-specific 
and glucose-responsive function compared to traditional routes based on phenylboronic acid 
that suffer from interference by non-glucose analytes. 


