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Glucose-Triggered Gelation of Supramolecular Peptide
Nanocoils with Glucose-Binding Motifs
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Peptide self-assembly is a powerful tool to prepare functional materials at the
nanoscale. Often, the resulting materials have high aspect-ratio, with
intermolecular 𝜷-sheet formation underlying 1D fibrillar structures. Inspired
by dynamic structures in nature, peptide self-assembly is increasingly moving
toward stimuli-responsive designs wherein assembled structures are formed,
altered, or dissipated in response to a specific cue. Here, a peptide bearing a
prosthetic glucose-binding phenylboronic acid (PBA) is demonstrated to
self-assemble into an uncommon nanocoil morphology. These nanocoils arise
from antiparallel 𝜷-sheets, with molecules aligned parallel to the long axis of
the coil. The binding of glucose to the PBA motif stabilizes and elongates the
nanocoil, driving entanglement and gelation at physiological glucose levels.
The glucose-dependent gelation of these materials is then explored for the
encapsulation and release of a therapeutic agent, glucagon, that corrects low
blood glucose levels. Accordingly, the release of glucagon from the nanocoil
hydrogels is inversely related to glucose level. When evaluated in a mouse
model of severe acute hypoglycemia, glucagon delivered from
glucose-stabilized nanocoil hydrogels demonstrates increased protection
compared to delivery of the agent alone or within a control nanocoil hydrogel
that is not stabilized by glucose.
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1. Introduction

Molecular constituents designed for self-
assembly offer a powerful and thermody-
namically driven route to achieve nanoscale
order and recreate elegant and organized
structures found in the living world.[1] Pro-
teins are key building blocks underlying
self-assembly of many natural materials.[2]

The presence of certain analytes in the
physiologic milieu can regulate the state
and/or stability of biological matter aris-
ing from noncovalent filamentous protein
assemblies, as seen in cytoskeletal actin
and microtubules.[3,4] These natural ma-
terials have inspired the design of syn-
thetic analogues of small molecule, pro-
tein, or colloidal assemblies that form ex-
plicitly from the binding and/or chem-
ical reaction of small analyte molecules
(e.g., ATP).[5–8] Accordingly, dynamic, re-
versible, and/or nonequilibrium assem-
blies arising from the binding or consump-
tion of small molecule triggers have been
demonstrated.[9] Peptides, in particular, are
a useful platform from which to design
self-assembling nanomaterials,[10–13] with

some designs integrating functionality to further modulate the
formation or properties of these assemblies in response to a spe-
cific trigger.[14–19]

In the context of analytes found in the human body, glucose
is of particular interest; though ubiquitous, poorly controlled
glucose levels are a symptomatic hallmark of diabetes. Numer-
ous glucose-responsive material platforms have been designed
by leveraging synthetic or protein-derived glucose-binding mo-
tifs in order to better treat diabetes.[20,21] Other related works
have used enzymatic conversion of glucose by glucose oxidase
(GOx) to actuate pH-dependent material outcomes. The self-
assembly of a peptide gelator was designed to be governed
by continuous conversion of glucose using GOx, with the ma-
terial dissipating under conditions of low glucose to release
glucagon, a therapeutic remedy for low blood glucose levels.[22]

The gelation of this material, driven by the presence of glu-
cose, offered opposing function to most glucose-responsive ma-
terials reported thus far, which typically de-gel, swell, or dissi-
pate under conditions of high glucose to release insulin.[20,21]
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Figure 1. The chemical structure of PBA-MDP and control molecules (COOH-MDP and OH-MDP) used in this study (top) which demonstrate a prefer-
ence for antiparallel dimer formation. PBA-MDP contains phenylboronic acid (PBA) which is Lewis acid capable of forming a charged tetrahedral boronate
through dynamic-covalent interactions with glucose. Short nanocoils arise from PBA-MDP self-assembly, and upon addition of glucose (orange) these
nanocoils elongate and entangle (bottom).

However, the use of a xenogeneic GOx enzyme to achieve glucose
analyte-dependent self-assembly has attendant complications re-
lated to its immunogenicity along with toxic hydrogen peroxide
byproducts that result from its conversion of glucose to gluconic
acid.[21]

As a synthetic alternative to enzymatic modes of glucose sens-
ing, phenylboronic acid (PBA) motifs are often used.[23,24] PBAs
are Lewis acids that are capable of dynamic-covalent bonding to
cis-1,2 and cis-1,3 diols when pH is at or above their pKa, sta-
bilizing the negatively charged tetrahedral boronate.[25] As glu-
cose is a cis-1,2 diol, its binding therefore increases the over-
all charge state of the PBA motif, a feature often used to intro-
duce electrostatic repulsion or swelling in a material for glucose-
responsive release of insulin.[21] Importantly, however, PBA mo-
tifs are not specific for glucose binding and are able to bind
to many other cis-diol molecules found in the normal physi-
ological environment, and in many cases bind to these better
than to glucose.[23,26] Herein, a multidomain peptide (MDP) bear-
ing a terminal PBA motif (PBA-MDP) is reported to assem-
ble through antiparallel stacking into an uncommon nanocoil
morphology (Figure 1). Upon addition of glucose, preexisting
short nanocoils elongate and entangle to form self-supporting
hydrogels. The hydrogels can encapsulate glucagon, with its
controlled release inversely related to the bulk glucose con-
centration. When explored in an animal model of acute hypo-
glycemia, prophylactic injection of glucagon-loaded PBA-MDP
hydrogels offers protection against severe outcomes and more
rapid blood glucose recovery. Accordingly, the glucose-triggered
entanglement and gelation of PBA-MDP nanocoils provides a
synthetic and enzyme-free route to link material form to glucose
level.

2. Results and Discussion

2.1. Multidomain Peptide Design

The general design of the PBA-MDP molecule (Figure 1; and
Figure S1, Supporting Information) consisted of eight amino
acid residues functionalized with a PBA motif at the N-terminus
(PBA-RFVAAWVK). This design was inspired by prior reports
of MDPs that note a criteria of ABA oligopeptide patterning,
wherein two charged/hydrophilic “A” blocks flank a hydropho-
bic “B” block.[27] However, in addition to the inclusion of the
prosthetic PBA motif, the design here differed from typical MDP
designs by having only a single cationic amino acid for the “A”
blocks, and also broke from the typical approach in its asymmet-
ric sequence. The design rationale for each component was as
follows: i) cationic residues at the N- and C-terminal ends consist-
ing of an arginine (R) and lysine (K), respectively, serve as charge-
bearing units and enhance solubility; ii) a hydrophobic “B” seg-
ment that included aromatic phenylalanine (F) and tryptophan
(W) residues shielding an internal 𝛽-sheet forming region of va-
line (V) and alanine (A) residues; and iii) a glucose-binding PBA
motif intended to shift the net charge on the N-terminal domain
of the PBA-MDP as a function of glucose level. The particular
amide-linked PBA motif chosen would be expected to have a pKa
of ≈8.4 on its own.[23] While this would not typically be effective
for glucose-binding function under conditions of physiological
pH, its positioning next to the cationic arginine residue was en-
visioned to significantly reduce its effective pKa, a phenomenon
also observed in PBA-modified cationic polymers.[28]

In addition to PBA-MDP, two control molecules were prepared
to capture the general structure and range of charge states of

Adv. Mater. 2023, 2311498 © 2023 Wiley-VCH GmbH2311498 (2 of 9)

 15214095, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adm

a.202311498 by U
niversite Paris-Saclay, W

iley O
nline L

ibrary on [08/01/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

http://www.advancedsciencenews.com
http://www.advmat.de


www.advancedsciencenews.com www.advmat.de

the prosthetic PBA motif. The first (COOH-MDP) was designed
with a benzoic acid group in place of the boronate (Figure 1; and
Figure S2, Supporting Information). The pKa of this benzoic acid
group is expected to be ≈4,[29] meaning it would be fully charged
at neutral pH conditions used in these experiments. The second
(OH-MDP) was designed with a phenol group in place of the
boronate (Figure 1; and Figure S3, Supporting Information). As
the pKa of this phenol is expected to be ≈10, the motif should be
uncharged at neutral pH conditions used in these experiments.
It is possible that proximity to arginine could likewise shift pKa of
the phenol, as postulated for the PBA motif. It is also important
to note that the expected pKa of amino acids and prosthetic motifs
used to construct all of the MDPs here could shift as a result of
their position on the peptide and/or due to aggregation-induced
pKa shifts.[30,31] Efforts to quantify pKa values for the various ion-
izable groups in these peptides via titration did not yield precise
measurements and instead suggested a range of charged states,
likely due to a broadened charge distribution resulting from pep-
tide assembly.

2.2. Nanocoil Assembly

Given the design rationale for PBA-MDP, it was of interest to
first study its propensity for self-assembly into nanostructures,
as is commonly observed for other classes of MDPs and related
oligopeptide motifs. When samples at 0.2% w/v were examined
using cryogenic transmission electron microscopy (cryoTEM),
the PBA-MDP was observed to self-assemble into relatively short
and small nanocoils (Figure 2A). This nanocoil structure, re-
sembling a telephone cord, is uncommon in MDPs and related
oligopeptide assemblies formed from 𝛽-sheet segments, which
instead more commonly form high aspect-ratio cylindrical mi-
celles or ribbon-like filaments. To our knowledge, the formation
of nanocoils of this type has only been observed from the self-
assembly of tetrapeptides functionalized at both termini with S-
aroylthiooximes for use as H2S donors.[32–34] Upon addition of
glucose at a concentration of 100 mg dL−1, recreating normal
glucose levels in the human body, the nanocoil structures were
retained though appeared longer with a higher extent of nanos-
tructure bundling (Figure 2B). The lengths of nanocoils in these
two states were quantified by measuring every particle visible in
four separate cryoTEM images collected from each glucose con-
dition, revealing lengths in the case of PBA-MDP prepared at
100 mg dL−1 glucose (122 ± 63 nm, mean ± SD) that were signif-
icantly longer (P <0.0001, Student’s t-test) than in 0 mg dL−1 glu-
cose (77 ± 46 nm). Apart from differences in length, the nanocoil
morphology was consistent over a range of different glucose lev-
els (Figure S4, Supporting Information). Solution-phase AFM
was also performed (Figure 2C), revealing nanocoil structures
with features matching those seen by cryoTEM. TEM analysis
of the control molecules showed nanocoils for the COOH-MDP
molecule (length of 127 ± 45 nm from cryoTEM images) that
were similar to those observed for PBA-MDP (Figure S5, Sup-
porting Information), while OH-MDP formed anomalous small
aggregates (Figure S6, Supporting Information). Accordingly, the
formation of nanocoils seemingly depends on the availability of a
negative charge at the position where the PBA has been inserted,
thereby rendering the N-terminal end of the molecule effectively

neutral. This data from the two control MDPs also suggests that
the boronates on PBA-MDP are at least partially in their nega-
tively charged conformation even in the absence of glucose, con-
firming expectations that the adjacent arginine residue reduces
the effective pKa of the boronate.

These structures were further characterized using small angle
X-ray scattering (SAXS) (Figure 2D), with data fit to a model of
spherical objects packed into a helical structure.[35] This is the
same model used to analyze SAXS data from the only other re-
ported peptide-based nanocoil assembly.[32] In the absence of glu-
cose, PBA-MDP nanocoils had a coil diameter of 47 Å with a heli-
cal pitch of 126 Å and length of 625 Å. Upon addition of glucose
at a concentration of 100 mg dL−1, the fitted coil diameter (49
Å) and helical pitch (124 Å) did not change considerably, but the
nanocoil length increased by ≈4-fold (2790 Å). It is noted that
PBAs can form a bisdentate complex with glucose—two PBAs
bound to different sites on the same glucose molecule—when in
its furanose form,[36–38] though the second binding event is less
favorable in part due to a low fraction of glucose in this anomeric
form. As no structural changes to the nanocoils were observed
upon addition of glucose, apart from their length, it is not antic-
ipated that bisdentate interactions are readily occurring in PBA-
MDP assemblies.

The observation of this uncommon nanocoil morphology in-
spired additional studies using high-resolution structural analy-
sis with cryoEM to uncover the mode of molecular packing. The
average power spectrum of aligned nanocoil segments revealed
the typical pattern for a helical assembly (Figure 2E). Four layer
lines were visible in the power spectrum, which corresponded
to four orders of a first layer line at ≈1/(123 Å) arising from
a nanocoil pitch of ≈123 Å. This matches well with observa-
tions from SAXS. The ring at ≈1/(4.8 Å) in the power spectrum
appears to arise from the unpolymerized peptides in the back-
ground. Since the spacing of 𝛽-strands in a 𝛽-sheet is ≈4.8 Å,
PBA-MDP likely exists in the background as dimers of two PBA-
MDP monomers in either a parallel or antiparallel state. An un-
ambiguous determination of the helical rise of the subunits in
the nanocoil was not possible due to the lack of high-resolution
information in the average power spectrum. Among many tested
possible symmetries, a twist/rise of 15.7°/ 5.1 Å was found to give
the best density map, showing separation of 𝛽-strands with rea-
sonable density for bulky side chains of the residues (Figure 2F).
In this configuration, 24 PBA-MDP dimers are aligned roughly
parallel to the helical axis with an axial rise of 5.1 Å to generate a
nanocoil with ≈123 Å pitch.

2.3. Impact of Glucose Binding

Results from TEM and SAXS showed limited impact from glu-
cose binding on nanocoil morphology, though the addition of
glucose led to an increase in the length and apparent bundling
of these nanocoils. As part of the original design rationale, the
central region was intended to drive 𝛽-sheet hydrogen bond-
ing; though initially envisioned as a fibrilizing domain, the close
head-to-tail stacking of the monomers revealed through struc-
tural elucidation of the nanocoils by cryoEM could still allow for
H-bonding of this domain. Indeed, a 𝛽-sheet dimer is likely as
the building block for the eventual nanocoil assemblies. Circular
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Figure 2. Cryogenic transmission electron microscopy (cryo-TEM) performed on PBA-MDP A) without glucose or B) with 100 mg dL−1 glucose.
C) Liquid-phase atomic force microscopy (AFM) on PBA-MDP without glucose. D) Small angle X-ray scattering (SAXS) performed on PBA-MDP with
or without addition of 100 mg dL−1 glucose. E) 2D class average (inset) and power spectrum of vertically aligned nanocoil segments. F) The cryo-EM
density map of the nanocoil (left). The density corresponding to a dimer of PBA-MDP (asymmetric unit of helix) are colored orange and green. The
atomic model of the nanocoil fitted in to the density map (right). G) Circular dichroism (CD) spectroscopy of PBA-MDP with increasing concentration of
glucose, along with controls of COOH-MDP and OH-MDP. H) Fourier transform infrared (FTIR) spectroscopy of PBA-MDP with increasing concentra-
tion of glucose, along with controls of COOH-MDP and OH-MDP. The dashed vertical lines denote peaks of interest in the Amide I region of the spectra.
I) Thioflavin-T (ThT) fluorescence of PBA-MDP upon immediate addition of glucose (red) or when glucose is added after 4 h of continuous monitoring
(blue). J) Zeta potential measurements for PBA-MDP with increasing concentration of glucose, along with controls of COOH-MDP and OH-MDP (n =
3 samples per group, mean ± SD shown).

dichroism (CD) spectroscopy was first performed on PBA-MDP
over a range of glucose concentrations from 0 to 200 mg dL−1

(Figure 2G). Though these spectra did not conform to the typi-
cal canonical secondary structures of a 𝛽-sheet, the emergence
of a small negative peak at 223 nm and a relatively larger nega-
tive peak at 201 nm were generally consistent with predictions
for a right-twisted antiparallel 𝛽-sheet;[39] red-shifting of these
minima as glucose concentration increased suggests glucose acts
to increase twisting of these antiparallel interactions. This inter-
pretation of CD data is further supported by the characteristic
𝛽-sheet spacing of ≈4.8 Å revealed in structural cryoEM stud-
ies. Though TEM and SAXS demonstrate that the nanocoil mor-
phology does not change upon addition of glucose, it is postu-
lated that these glucose-dependent changes in secondary struc-

ture present in CD arise from the antiparallel 𝛽-sheet dimers
observed in the background of cryoEM studies being recruited
to participate in nanocoil assemblies when glucose is present.
Both control molecules COOH-MDP and OH-MDP generally re-
vealed similar secondary structure signatures by CD, with sig-
nal intensity increased for the COOH-MDP variant. It is like-
wise noted that the inclusion of aromatic amino acids on self-
assembling peptides can confound interpretation of CD as a re-
sult of 𝜋–𝜋* and n–𝜋* transitions present specifically in the spec-
tral region of interest here.[40] Given the uncharacteristic nature
of these peaks relative to typical self-assembling oligopeptides,
Fourier transform infrared spectroscopy (FTIR) was next per-
formed to further characterize stretches in the Amide I region as
a means of assessing peptide secondary structure (Figure 2H).
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A major peak was observed at 1627 cm−1 with a minor peak
at 1693 cm−1; these peaks in the Amide I region correspond to
those reported for a model peptide that is known to form an-
tiparallel 𝛽-sheets.[41] These signatures were enhanced by the ad-
dition of glucose, supporting an increased propensity to form
antiparallel 𝛽-sheets for PBA-MDP in its glucose-bound state.
Control molecules demonstrated the impact of prosthetic charge
on this 𝛽-sheet formation as well, with the uncharged prosthetic
of the OH-MDP leading to limited antiparallel 𝛽-sheet signal in
this region while the charged prosthetic of the COOH-MDP cor-
responded to a very strong signal. Accordingly, the PBA motif
is expected to become increasingly charged as glucose level in-
creases, a known outcome of PBA motifs wherein the equilib-
rium shifts to the charged tetrahedral boronate in water upon
glucose binding.[42] The presence of a negative prosthetic charge
at this position, and thus a more neutralized N-terminal domain,
therefore appears to promote enhanced antiparallel 𝛽-sheet for-
mation. However, given microscopy results showing nanocoils
from PBA-MDP in both the presence and absence of glucose,
the existence of well-ordered antiparallel 𝛽-sheet interactions is
seemingly not essential to nanocoil formation though may have
implications on the overall increase in nanocoil length through
internal stabilization. Moreover, the CD signal of an antiparal-
lel 𝛽-sheet in all samples irrespective of glucose levels could also
arise from H-bonding of PBA-MDP dimers existing in equilib-
rium with the nanocoil structures that are accentuated in the
presence of glucose. Indeed, the likely presence of a background
of peptide dimers spaced by ≈4.8 Å revealed in structural cryoEM
support this hypothesis.

To further verify the glucose-dependent emergence of 𝛽-sheet
structures, thioflavin T (ThT) was used (Figure 2I). The flu-
orescence of this dye increases when embedded in 𝛽-sheet-
rich domains, offering a means to sense and monitor amyloid
structures.[43] When PBA-MDP was prepared in the presence of
100 mg dL−1 glucose, ThT fluorescence showed a steady increase
over a period of ≈20 h. When PBA-MDP was prepared in the ab-
sence of glucose, limited ThT fluorescence was observed. How-
ever, when this sample was transferred to 100 mg dL−1 glucose
at 4 h after preparation, the ThT fluorescence began to increase
immediately upon introduction of glucose. Taken together with
results from CD and FTIR, these data support a role for glucose
binding in triggering increased antiparallel 𝛽-sheet ordering in
PBA-MDP assemblies. It is worth reiterating that TEM and SAXS
data demonstrate the existence of these 𝛽-sheet structures is not
essential to the formation of the nanocoil assemblies, though a
greater antiparallel 𝛽-sheet propensity along with recruitment of
antiparallel 𝛽-sheet dimers to extending nanocoils could under-
lie the increase in nanocoil length observed by TEM and SAXS
in the presence of glucose.

The original design rationale was that glucose binding to the
prosthetic PBA motif would stabilize a negative charge on the
boronate and make the N-terminal end of the molecule net-
neutral. Accordingly, Zeta potential was also measured for PBA-
MDP as a function of glucose (Figure 2J). At pH 7.4, it is ex-
pected that both the arginine and lysine residues would be fully
charged, while the boronate would likely exist in both its neg-
atively charged tetrahedral configuration and uncharged trigo-
nal form; the extent to which the neighboring arginine residue
lowers the pKa of this boronate from its nominal value of ≈8.4

is not clear. Thus, the molecule would be expected to be net-
positive overall, with the magnitude of its charge state depending
on the extent to which the boronate was charged. In the absence
of glucose, PBA-MDP had a substantial positive zeta potential
of ≈29.3 mV. The magnitude of this positive zeta potential de-
creased corresponding to an increase in glucose up to 200 mg
dL−1, wherein the zeta potential was reduced to ≈12.6 mV. As a
control, the uncharged prosthetic of OH-MDP, with a nominal
net charge of +2 for the overall molecule, had the most positive
zeta potential of ≈31.8 mV. Meanwhile, the negatively charged
prosthetic of the COOH-MDP, with a nominal net charge of +1,
had the least positive zeta potential of ≈5.5 mV. These data sup-
port a gradient in the charge state of the PBA motif on the PBA-
MDP, becoming increasingly negative as glucose binding shifts
the equilibrium to its tetrahedral configuration. These data likely
also support a role for charge screening in the increased nanocoil
length and extent of bundling observed in cryoTEM for PBA-
MDP as glucose level is increased.

2.4. Glucose-Driven Hydrogelation

When PBA-MDP was prepared at concentrations of 1.5% w/v in
the presence of 100 mg dL−1 glucose, a self-supporting hydrogel
was observed (Figure 3A). This observation was further evaluated
over a range of glucose concentration from 0 to 200 mg dL−1.
Over a period of minutes following preparation, samples with
100 and 200 mg dL−1 glucose formed translucent self-supporting
hydrogels. Meanwhile, samples prepared at lower glucose levels
(0, 25, and 50 mg dL−1) remained translucent but were not able
to be inverted to demonstrate self-supporting character. Accord-
ingly, by gross macroscopic inspection using vial inversion, the
addition of glucose promotes hydrogelation of solutions of PBA-
MDP. To further support these observations for steady gelation
upon addition of glucose, a rheological time-course study was
next performed (Figure 3B). Samples of PBA-MDP were freshly
prepared immediately before measurements at 1.5% w/v in pH
7.4 HEPES buffer and placed onto the rheometer stage. The ini-
tial storage modulus (G’) and complex viscosity (𝜂*) were similar
in both conditions (G’ = ≈23 Pa and 𝜂* = ≈5 Pa s). In the sample
prepared with 100 mg dL−1 glucose, G’ and 𝜂* increased rapidly
over the first 10 min to ≈240 Pa and ≈48 Pa s, respectively. Fur-
ther measurements over the next 35 min demonstrated a plateau
in G’ = 507 Pa and 𝜂* = 102 Pa s. Comparatively, the PBA-MDP
sol prepared with no glucose, G’ and 𝜂* stayed relatively stable
with only a small increase in G’ = ≈41.3 Pa and 𝜂* = ≈9 Pa s.
These data support a role for glucose in promoting hydrogela-
tion of PBA-MDP, possibly resulting from the overall increase in
nanocoil length and extent of bundling that was observed in TEM
studies performed in the presence of glucose.

The effect of glucose concentration on gelation was further
studied in samples brought to steady-state over 45 min in var-
ious glucose concentrations (0, 25, 50, 100, and 200 mg dL−1)
prior to rheological measurements. G’ and 𝜂* both increased by
almost 2 orders of magnitude with an increase in glucose con-
centration, from G’ = 16.7 Pa and 𝜂* = 3.4 Pa s at 0 mg dL−1 to
G’ = 1009.8 Pa and 𝜂* = 203.3 Pa s at 100 mg dL−1 (Figure 3C).
With the further increase in glucose to 200 mg dL−1 glucose, neg-
ligible additional increase was observed for G’ or 𝜂*. A largeb
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Figure 3. A) Hydrogelation of PBA-MDP as observed by vial inversion under different glucose conditions. B) Evolution of the storage modulus (G’, solid,
left axis) and complex viscosity (𝜂*, dashed, right axis) over time following addition of glucose and application onto the rheometer. C) Glucose-dependent
changes in the plateau storage modulus (G’, solid, left axis) and complex viscosity (𝜂*, open, right axis), from n = 2 samples per group (mean ± SD
shown). D) Shear viscosity ramp and E) step-strain cycling from 1% to 100% strain for a PBA-MDP hydrogel prepared in 100 mg dL−1 glucose.

increase in G’ occurred for an increase in glucose level from
50 mg dL−1 (G’ = 165.2 Pa) to 100 mg dL−1 (G’ = 1009.8 Pa);
importantly this range in glucose concentration corresponds to
a low to normal blood glucose level, suggesting the possibility
for function in physiologically relevant conditions. The trends in
gelation and viscosity as a function of glucose align with obser-
vations from cryoTEM and SAXS pointing to a greater extent of
nanocoil bundling and entanglement and longer nanocoil struc-
tures upon addition of glucose. These measurements performed
on bulk gels aged in vials result in higher measured G’ values
than when gels were aged on the rheometer, likely resulting from
being aged in the absence of continuous deformation. COOH-
MDP also formed hydrogels at 1.5% w/v; rheology on samples
prepared and equilibrated overnight revealed these to be stiffer
with a higher complex viscosity (Figure S7, Supporting Informa-
tion) than PBA-MDP hydrogels, further supporting increased in-
termolecular interactions and reduced electrostatic repulsion for
COOH-MDP that was observed by CD, FTIR, and zeta potential
measurements.

Toward injection-relevant applications, the PBA-MDP hydro-
gel should be shear-thinning and self-healing, allowing it to pass
through a needle under shear and immediately reform its gel
structure once in situ.[44] A hydrogel prepared in 100 mg dL−1

glucose exhibited reduced viscosity of over three orders of mag-
nitude from a “zero-shear” level of ≈1400 Pa s to <1 Pa s at
a shear rate of 10 s−1 (Figure 3D). Another crucial property of
an injectable hydrogel is its ability to self-heal following expo-
sure to high strain. To probe this feature, the PBA-MDP hydrogel
prepared with 100 mg dL−1 glucose was thus exposed to cyclic
strain between 1% and 100% at a constant frequency of 10 rad
s−1 (Figure 3E). Mechanical properties of the hydrogel recovered
immediately after cessation of high strain, a process repeated for
multiple cycles.

2.5. Glucose-Responsive Drug Delivery

Evidence for glucose binding-induced formation and stabiliza-
tion of PBA-MDP nanocoil hydrogels supported their further ex-
ploration in the context of glucagon therapy. As an antagonist
to insulin, glucagon functions in normal physiology to reverse
low blood glucose (hypoglycemia).[45] While exogenous glucagon
is only commonly used in the context of emergency rescue,
the integration of glucose-responsive therapeutic glucagon de-
livery may also enable enhanced precision in insulin-centered
blood glucose control by mitigating the risks of hypoglycemia.[46]

An ideal glucagon delivery approach should thus exhibit release
and/or activity inversely related to blood glucose level. As an ac-
tive glucagon payload, dasiglucagon was selected for its improved
solubility and stabilized secondary structure relative to native
glucagon.[47] To first monitor release as a function of ambient glu-
cose level, a fluorescent variant (MCA-dasiglucagon)[22] was used.
MCA-dasiglucagon alone had rapid release that was effectively in-
dependent of glucose (Figure S8, Supporting Information), likely
due to the relatively small payload compared to the mesh size of
the nanocoil network. Thus, MCA-dasiglucagon was instead co-
formulated with protamine, an arginine-rich polypeptide, to in-
crease the hydrodynamic size of the payload and limit its leak-
age from the hydrogels. Protamine is also used in complex with
insulin in the long-used clinical NPH Insulin product.[48] The
release profiles of dasiglucagon following its complexation with
protamine revealed an inverse glucose dependence (Figure 4A).
Fitting to a standard first-order model demonstrated decreased
rates of release and plateau values when glucose was increased
over a range from 0 to 200 mg dL−1. It is noted that the control hy-
drogel of COOH-MDP exhibited a similar release behavior as the
PBA-MDP hydrogel at a glucose concentration of 200 mg dL−1

and, when taken together with material characterization data,
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Figure 4. A) Release of encapsulated dasiglucagon from PBA-MDP hydrogels prepared at 100 mg dL−1 glucose and incubated in a buffer of varying
glucose levels (n = 3 samples per group, mean ± SD shown). B) Mouse model for prophylactic glucagon delivery prior to severe hypoglycemia caused
by insulin overdose. C) Blood glucose is monitored over time, focusing specifically on the region following insulin overdose (zoomed shaded region).
Groups were compared on the basis of D) the lowest (nadir) blood glucose level observed as well as E) the final blood glucose level at 4 h after the insulin
overdose. For panel C-E, n = 9–10 mice per group, mean ± SEM shown. For panel (C), multiple unpaired t-tests were performed at each timepoint,
using the Holm–Šídák method to correct for multiple comparisons (* − P < 0.05 for PBA-MDP vs. all other groups from 180 min onward). For panels
(D–E), a one-way ANOVA was performed with Bonferroni multiple comparisons post-hoc testing (*− P < 0.05, ** − P < 0.01 for PBA-MDP vs all other
groups).

supports a role for glucose binding-induced neutralization of the
peptide N-terminal domain in nanocoil stabilization, entangle-
ment, and gelation, thereby slowing dasiglucagon release.

Finally, glucose-induced stability and increased retention of
dasiglucagon was explored in a previously established model
of prophylactic delivery to prevent a subsequent hypoglycemic
emergency (Figure 4B).[22] Streptozotocin (STZ) was used to in-
duce diabetes in mice; following a stable hyperglycemic phe-
notype, mice were fasted overnight and then administered the
clinically used Insulin Detemir to induce a state of normo-
glycemia. Four hours after administering Insulin Detemir (t
= 0), control mice were treated with either buffer or 0.01 mg
dasiglucagon, while experimental groups were administered
0.01 mg dasiglucagon encapsulated in 50 μL hydrogels of ei-
ther PBA-MDP or COOH-MDP. After two additional hours, mice
were overdosed by injection of 3 IU kg−1 recombinant human
insulin. Blood glucose levels were monitored throughout the
procedure (Figure 4C). A threshold for hypoglycemia, set nom-
inally at 60 mg dL−1, was used to monitor the severity of hyper-
glycemic response following insulin overdose. Among the four
groups, the lowest average blood glucose level observed (nadir
value, Figure 4D) was above this hypoglycemic threshold for
only the mice treated with the PBA-MDP hydrogel containing
dasiglucagon (74 ± 8 mg dL−1). The buffer-treated (39 ± 7 mg
dL−1) and dasiglucagon-treated (40 ± 5 mg dL−1) groups were
both significantly less (P <0.01) than the group treated with the

PBA-MDP hydrogel. The lack of function for dasiglucagon ad-
ministered 2 h prior to insulin overdose is not surprising given
the relatively short half-life of the hormone,[49] and also is sup-
ported by previous studies in this same model.[22] The glucose-
responsive function of the hydrogel was further supported by the
performance of the COOH-MDP (49 ± 10 mg dL−1), which re-
sulted in a nadir value significantly lower (P < 0.05) than PBA-
MDP and illustrates the function to be expected from glucose-
independent controlled release. In addition to a prevention of low
blood glucose levels, the PBA-MDP hydrogel treatment offered
protection against onset of severe hypoglycemia; there were no
overdose-related deaths in the PBA-MDP group (0/9) compared
to groups treated with the COOH-MDP hydrogel (1/10), buffer
(4/9), and dasiglucagon (2/9). The recovery from hypoglycemia
was also evaluated at the endpoint of the study (Figure 4E). Mice
treated with PBA-MDP hydrogel demonstrated significantly bet-
ter recovery (148 ± 22 mg dL−1) than mice treated with COOH-
MDP hydrogel (83 ± 11 mg dL−1, P < 0.05), buffer (63 ± 14 mg
dL−1, P < 0.01), and dasiglucagon alone (62 ± 10 mg dL−1,
P < 0.01).

Accordingly, the glucose-directed retention and release of
dasiglucagon from within the PBA-MDP hydrogels offered ad-
vantages as a prophylactic (protective) measure against a subse-
quent sudden hypoglycemic episode brought on by insulin over-
dose. The performance of this approach to deliver dasiglucagon
is likewise comparable in this same model to an orthogonal

Adv. Mater. 2023, 2311498 © 2023 Wiley-VCH GmbH2311498 (7 of 9)
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approach that used enzymatic actuation by the glucose oxidase
enzyme to endow self-assembled peptide hydrogels with glucose-
driven stability and afford dasiglucagon release under states of
low glucose.[22] The xenogeneic origin of glucose oxidase, along
with its toxic hydrogen peroxide byproduct,[21] may limit the ther-
apeutic utility of this prior work in the therapeutic context of a
routine glucagon prophylactic. By comparison, the approach pre-
sented here using a single-component system of glucose-binding
nanocoils may offer distinct advantages. Namely, the current sys-
tem does not require a xenogeneic enzyme with immunogenic
risk, nor does it entail a toxic H2O2 byproduct, instead achiev-
ing its function through a discrete small molecule assembly pro-
cess including a synthetic PBA glucose binder. Certain drawbacks
of this prior system,[22] including undesirable glucagon leakage
after injection and lower responsibility than would be desirable
in emergency-use contexts, remain challenges in the PBA-MDP
platform as well.

3. Conclusion

Herein, a multidomain peptide bearing a terminal PBA motif
is shown to self-assemble into an uncommon nanocoil mor-
phology. These peptide nanocoils seemingly arise from antipar-
allel dimers of PBA-MDP that further organize into nanocoils
with peptides aligned parallel to the z-axis of the nanocoil. Ad-
vanced structural techniques leveraging cryoEM further eluci-
date the likely molecular arrangement in these nanocoils. The
necessity of including negative charge-bearing groups at the
terminal PBA region is supported by a control molecule with
a carboxylic acid in place of the boronate. Meanwhile, a neu-
tral hydroxyl modification does not achieve a similar nanocoil
morphology. The presence and amount of glucose dictates an
increasingly negative charge by shifting the boronate equilib-
rium from its uncharged trigonal form to its anionic tetrahedral
form, with direct implications on driving PBA-MDP nanocoil
elongation and entanglements and an enhanced extent of an-
tiparallel 𝛽-sheet formation. Glucose further leads to the for-
mation of self-supporting hydrogels, with stiffness directed by
glucose levels spanning a physiologically relevant range. The
glucose-stabilized nature of these hydrogels encouraged fur-
ther investigation for their encapsulation and controlled re-
lease of dasiglucagon, a therapeutic remedy for low blood glu-
cose. Indeed, release from PBA-MDP hydrogels is inversely re-
lated to glucose level, offering a means of potentially deliv-
ering glucagon that is responsive to the needs of low blood
glucose levels. Studies of dasiglucagon delivery performed in
a mouse model of prophylactic delivery followed by insulin
overdose point to enhanced protection against hypoglycemia
for delivery using PBA-MDP hydrogels. As such, the uncom-
mon nanocoil morphology here enables formation of hydrogels
for functional glucose-responsive therapeutic delivery. Though
future manifestations should seek more rapid therapeutic re-
sponse with limited dasiglucagon leakage under states of nor-
moglycemia, and address the lack of glucose specificity of the
PBA motif used,[26] this general approach offers practical im-
provements over previously reported peptide assemblies that re-
lied on actuation from an xenogeneic enzyme to achieve their
function.[22]

4. Experimental Section
Detailed experimental methods are found in the Supporting Informa-

tion. In brief, all peptides and dasiglucagon were synthesized by solid
phase peptide synthesis and purified using HPLC. MDP samples were
first prepared by dissolving in DI water at 3% w/v and then diluted 1:1
in 2x HEPES buffer to reach a final concentration of 1.5% w/v in 1x buffer,
with glucose concentration of the buffer varied accordingly. Gelation was
studied using rheology on samples prepared at this initial concentration
of 1.5% w/v. FTIR was performed on dried samples, CD was performed
on samples diluted 10x immediately before measurement, SAXS was per-
formed on samples prepared at 1.5% w/v, and AFM and zeta potential
were performed on MDP solutions diluted to 0.2% w/v prior to measure-
ments. In vitro encapsulation and release studies used a fluorescently la-
beled (MCA) dasiglucagon variant, prepared as previously described.[22]

All animal studies were performed at the University of Notre Dame, follow-
ing methods that were previously reported,[22] and according to a protocol
approved by the Notre Dame Animal Care and Use Committee (Assur-
ance of Compliance #A3093-01). Statistical analysis was performed using
GraphPad Prism (V9.5.1), with error presentation (SD or SEM) and sta-
tistical testing methods (t-tests, ANOVA, post-hoc testing) performed as
noted in the captions of each figure.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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