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ABSTRACT: Nature achieves remarkable function from formation of transient, non-equilibrium materials realized 
through continuous energy input. The role of enzymes in catalyzing chemical transformations to drive such processes, 
often as part of stimuli-directed signaling, governs both material formation and lifetime. Inspired by the intricate non-
equilibrium nanostructures of the living world, this work seeks to create transient materials in the presence of a 
consumable glucose stimulus under enzymatic control of glucose oxidase. Compared to traditional glucose-responsive 
materials, which typically engineer degradation to release insulin under high-glucose conditions, the transient 
nanofibrillar hydrogel materials here are stabilized in the presence of glucose but destabilized under conditions of limited 
glucose to release encapsulated glucagon. In the context of blood glucose control, glucagon offers a key antagonist to 
insulin in responding to hypoglycemia by signaling the release of glucose stored in tissues so as to restore normal blood 
glucose levels. Accordingly, these materials are evaluated in a prophylactic capacity in diabetic mice to release glucagon 
in response to a sudden drop in blood glucose brought on by 
an insulin overdose. Delivery of glucagon using glucose-
fueled nanofibrillar hydrogels succeeded in limiting the onset 
and severity of hypoglycemia in mice. This general strategy 
points to a new paradigm in glucose-responsive materials, 
leveraging glucose as a stabilizing cue for responsive glucagon 
delivery in combating hypoglycemia. Moreover, compared to 
most fundamental reports achieving non-equilibrium and/or 
fueled classes of materials, the present work offers a rare 
functional example using a disease-relevant fuel to drive 
deployment of a therapeutic. 
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INTRODUCTION  
Toward the creation of materials for more precise drug 

delivery, stimuli-responsive strategies have been a topic 
of extensive focus.1,2 The use of disease-relevant proteins 
or analytes to prompt drug release from a circulating 
nanocarrier or localized depot affords opportunities for 
improved spatiotemporal control of therapeutic action.3 
Blood glucose management in diabetes presents one 
circumstance where temporal control of therapeutic 
bioavailability is particularly relevant.4–6 In pursuit of 
high-fidelity blood glucose control, most approaches 
have focused on engineering glucose-responsive release 
and/or activity of insulin to replace its deficient or 
defective signaling and combat hyperglycemia.7 

However, the clinical use of insulin poses substantial risk 
of overdose. The average person with diabetes has 1-2 
serious hypoglycemic episodes each year;8 most such 
episodes are attributed to excessive insulin activity. 
Severe hypoglycemia at night is especially common in 
children and can prove lethal if not corrected quickly, 
thus referred to as “dead-in-bed” syndrome.9 
Accordingly, insulin is dosed conservatively and even 
underdosed in many cases, thereby preferencing chronic 
health complications from blood glucose instability and 
hyperglycemia in order to avoid the acute risks of 
hypoglycemia. Glucagon functions in the healthy 
endocrine system as an antagonist to insulin by raising 
blood glucose upon hypoglycemia and, as such, is an 
interesting therapeutic target.10 Integrating glucose-
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responsive strategies for glucagon delivery may afford 
enhanced precision in insulin-centered blood glucose 
control while mitigating the severe risks of 
hypoglycemia.11 
The construction of biomaterials and drug delivery 

devices from supramolecular interactions offers routes to 
endow stimuli-responsivity using tunable non-covalent 
associations.12–14 In the field of supramolecular materials, 
non-equilibrium systems that form transiently by input of 
energy or consumption of chemical fuels constitute an 
exciting and growing body of research.15,16 Enzymes are 
useful components of many non-equilibrium and/or 
fueled systems reported so far due to their ability to 
chemically transform a pre-assembled molecule or 
promote an environment favoring its (transient) 
assembly.17–20 The use of disease-relevant enzymes or 
their substrates to facilitate transformations in 
supramolecular materials offers a possible strategy for 
improved therapeutic precision in drug delivery.21,22  
In the context of glucose-responsive materials, glucose 

oxidase (GOx) has been commonly used to actuate 
glucose levels into a material-directing stimulus.4 GOx 
catalyzes the conversion of one molecule of D-glucose into 
glucono-δ-lactone and H2O2, with the former hydrolyzing 
to gluconic acid.23 Glucose-responsive hydrogels that 
incorporate GOx sensing use the reduction in 
microenvironmental pH from gluconic acid production to 
drive swelling or bond rupture in a polymeric network.24–
26 GOx has also been used to regulate gelation in pH-

sensitive peptide gelators.27,28 Here we present a 
nanofibrillar assembly that leverages GOx to drive non-
equilibrium network formation of a peptide hydrogelator 
through the localized reduction in pH achieved by 
consumption of physiologic glucose “fuel” (Fig 1). In the 
absence of sufficient glucose fuel, as upon onset of 
hypoglycemia, a neutral-buffered physiological milieu 
acts as a directive to promote gel dissolution through 
molecular disassembly, restoring the equilibrium state. 
This approach contrasts with the preponderance of 
literature in glucose-responsive materials design that 
seeks to use glucose to drive material disassembly or 
erosion for the release of insulin, here instead offering a 
route to transiently stabilize nanofibrillar hydrogels in the 
presence of glucose. Accordingly, the present strategy is 
explored using glucose-stabilized materials for glucose-
responsive delivery of glucagon as a preventative route to 
combat the subsequent onset of hypoglycemia. 

RESULTS & DISCUSSION 
Peptide Design. Peptides constitute a class of 

molecules extensively explored as supramolecular 
materials for biomedical applications.29,30 To prepare a 
pH-responsive gelator and achieve self-assembly 
governed by consumption of glucose fuel (Fig 1A-B), the 
peptide amphiphile (PA) platform was explored here.31 
This supramolecular motif typically combines a 
hydrophobic directive for assembly in water from a 
saturated alkyl chain appended at a terminal position 

Figure 1: (A) Schematic of the cyclic process using glucose oxidase as an actuator to convert glucose fuel to a pH stimulus 
directing and stabilizing peptide assemblies. In conditions of limited glucose, natural physiological buffering restores the 
material to its destabilized state. (B) Materials stabilized in the presence of a glucose fuel reverses the traditional paradigm 
in glucose-responsive materials, instead targeting material stability in states of normal glucose and dissolution in low glucose 
to release a glucagon therapeutic. (C) Structure of the C10–V2A2E2 peptide amphiphile used in this work to achieve self-
assembly and hydrogelation under direction of a glucose fuel. 
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with a peptide sequence consisting of residues for lateral 
association through β-sheet hydrogen bonding as well as 
residues bearing charged groups to enhance solubility 
and amphiphilicity of the molecule.32 These molecules can 
self-assemble in water to form high aspect-ratio 
nanofibrils templated by hydrogen bonding along the 
long axis of the fiber, and further physically entangle to 
form percolated hydrogel networks. The interplay of 
attractive and repulsive forces entailed in this molecular 
design gives rise to a tunable extent of molecular 
cohesion,33,34 and can be varied by altering tail length,35 β-
sheet sequence,36 or the number/identity of charged 
residues. In particular, the electrostatic repulsion between 
charge-bearing hydrophilic amino acids can be 
modulated by addition of counterions or by changing pH 
relative to the pKa of charged residues so as to induce 
self-assembly, stabilize nanofibrils, and increase the 
extent of physical crosslinking in a resulting hydrogel.37 

To interface a supramolecular PA gelator with glucose-
fueled assembly directed by the enzymatic actuation of 
GOx, a variant was desired to form stable hydrogels in 
the acidic microenvironment that would result locally 
from conversion of a normal level of glucose, but which 
transitioned to a sol under glucose-limited conditions. 
GOx conversion of physiological levels of glucose to yield 
gluconic acid can lead to a microenvironmental pH in the 
range of ~4-5.6 Accordingly, a molecular design was 
envisioned bearing the typical saturated alkyl chain and 
β-sheet-forming sequence coupled to glutamic acid as the 
hydrophilic domain; the pKa of its carboxylate R-group 
(~4.5) can shift upward in the range of 4.5-6 due to 
aggregation effects from PA self-assembly.38 Accordingly, 
glutamic acid (E) should be significantly protonated 
(uncharged) at acidic pH levels achieved by GOx in 
normal glucose levels, yet deprotonated (negatively 
charged) at physiological pH. Different PA sequences 
were synthesized to vary the alkyl tail length (C10 and C16) 
and valine(V)–alanine(A) β-sheet sequence (V2A2, VA3, 
A2V2) with a conserved hydrophilic head group (E2). The 
intention of screening this small set of molecules was to 
probe pH-responsive release to determine the optimal 
balance of attractive and repulsive forces required for the 
envisioned application of assembly at normal glucose 
(i.e., low pH actuated by GOx) but disassembly and 
glucagon release in low glucose conditions (i.e., neutral-
buffered physiological pH). Based on a preliminary 
screen comparing release rates of a model macromolecule 
at pH 5 and 7 (Fig S1), a final sequence of C10–V2A2E2 (Fig 
1C) was selected for further evaluation. The selected 
sequence has a shorter C10 alkyl segment than commonly 
used in most reported PA materials. The V2A2 sequence is 
thought to be effective for β-sheet hydrogen bonding,39 
while still being shorter than most commonly explored 
sequences.36 The glutamic acid residues then afford pH 

sensitivity over the range desirable for GOx. Thus, a 
reduction in cohesive forces from a shorter alkyl segment 
and a 4-residue β-sheet forming segment was thought to 
enable more rapid responsiveness dependent on the 
charge state of the glutamic acid residues. 
pH-Dependent Self-Assembly & Hydrogelation. Given 

the importance of pH to the envisioned mechanism of 
glucose-fueled assembly, pH-responsive self-assembly of 
lead PA C10–V2A2E2 was first characterized. Samples were 
prepared in buffers of pH values ranging from 5 to 8, cast 
as dry films, and imaged with transmission electron 
microscopy (TEM) (Fig 2A). It is noted that TEM 
performed on dry films is subject to artifacts arising from 
drying and sample concentration on the grid. However, 
qualitative observations support a general trend for a 
reduction in nanofibril length as well as reduced 
nanofibril bundling as pH was increased from 5 to 8. For 
example, samples at pH 5 had a high density of elongated 
nanofibrils with substantial bundling, while samples 
prepared at pH 8 had sparse nanostructure with observed 
nanofibrils being significantly shorter and exhibiting 
almost no bundling. 

Near ultraviolet circular dichroism (CD) spectroscopy 
was performed to characterize amino acid secondary 
structure in buffers of various pH (Fig 2B). CD is 
frequently used to qualitatively assess the extent of β-
sheet hydrogen bonding in PA materials. Spectra 
collected for C10–V2A2E2 at pH 5 exhibited a characteristic 
β-sheet signature with a negative peak at 220 nm and 
positive peak at 194 nm. Meanwhile, the CD spectra for 
the sample prepared at pH 8 exhibited a negative peak at 
197 nm characteristic of a random coil secondary 
structure. The samples prepared at intermediate pH 
values of 6 and 7 were primarily random coil, with some 
evidence of residual β-sheet character for the pH 6 
sample. These findings support increased β-sheet 
cohesion in self-assembled nanofibrils resulting from less 
electrostatic repulsion in the glutamic acid head group at 
lower pH. Fourier-Transform Infrared Reflectance (FTIR) 
spectroscopy was also performed to monitor signals 
attributed to β-sheet and random coil structures as a 
function of pH, revealing the same trend of β-sheet 
reduction and random coil emergence as pH increases 
(Fig S2).40,41 

Thioflavin-T (ThT) provides another method to study 
the β-sheet character of peptide self-assemblies, relying 
on increased fluorescence of this dye when embedded in 
β-sheet-rich domains.42 The background-subtracted 
fluorescence of C10–V2A2E2 at pH 5 and pH 7 was first 
compared; pH 5 exhibited strong ThT fluorescence 
indicative of ThT bound to β-sheet-rich structures while 
limited fluorescence was measured at pH 7 (Fig 2C). After 
300 s incubation, the pH was increased to pH 7 rapidly by 
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adding a small volume of NaOH. ThT fluorescence 
disappeared by the next reading (~15 s), indicating 
immediate loss of β-sheet character upon pH 
neutralization. Accordingly, pH offers an effective and 
rapid means to activate and deactivate stabilizing β-sheet 
structures in C10–V2A2E2 assemblies.  

The gelation of C10–V2A2E2 was next studied at 1% w/v 
in buffers of pH 4 to pH 8 under physiologic salt 
concentration. Gross visual inspection of PA samples 
following equilibration at these various pH levels (Fig 2D) 
revealed the formation of a stable hydrogel immediately 
at pH 4 and pH 5. This observation aligns with the 
predicted pKa of the glutamic acid side-chain. At pH 6, 
the solution was notably viscous, yet this sample flowed 
when subjected to vial inversion. Samples prepared at pH 

7 and pH 8 were even less viscous and flowed with 
relative ease upon vial inversion. It is noted that samples 
of all pH conditions were viscous and not fully 
translucent, indicating the presence of some 
nanostructure in all samples. 

Vial inversion affords a crude means to inspect bulk 
differences in apparent hydrogelation. By contrast, 
rheological testing enables quantitative insights into the 
mechanical and dynamic properties of these materials.43 
Oscillatory rheology was thus performed to quantify the 
observed pH-dependent differences in hydrogelation. 
Samples were first assessed with a strain sweep to 
determine the linear viscoelastic range, and then gel-
forming samples were subjected to a frequency sweep to 
verify the range of oscillatory frequency rates wherein the 

Figure 2: (A) Transmission electron microscopy to assess pH-dependent nanostructure formation of C10–V2A2E2 PA in films 
cast from 0.1% w/v PA solutions at various pH. (B) Near-UV circular dichroism spectroscopy of C10–V2A2E2 PA at various 
pH at a sub-gelation concentration of 0.1% w/v. (C) Background-subtracted thioflavin-T (ThT) fluorescence, comparing C10–
V2A2E2 PA (0.1% w/v) when changed rapidly from pH 5 to pH 7 to a sample maintained at pH 7 throughout. (D) pH-directed 
hydrogel formation at 1% w/v C10–V2A2E2 PA in physiologic buffers of assorted pH. Images collected 15 min following sample 
preparation. (E) Plateau modulus for C10–V2A2E2 PA samples prepared at 1% w/v in a buffer of various pH (1% strain, 10 
rad/s, average of 2 gels/group). (F) Step-strain rheological testing of C10–V2A2E2 PA hydrogels prepared at pH 5 and cycled 
at a frequency of 10 rad/s between 1% and 100% strain. 
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storage modulus (G’) exceeded the viscous/loss modulus 
(G’’). As an example, a sample that formed a mechanically 
robust hydrogel in buffer at pH 5 exhibited linear 
behavior with G’>G’’ when exposed to strains in the range 
of ~0.1-5%, with the hydrogel being mechanically 
compromised at a critical strain of ~55% (Fig S3). This 
sample also exhibited scarce frequency-dependent G’ 
behavior, with G’ values ~10x higher than G’’ over the full 
range of frequency assessed. This behavior in a frequency 
sweep is indicative of relaxation times for physical 
interactions in the hydrogel network, such as nanofiber 
bundling and intersection, being significantly slower than 
the range of frequencies probed in dynamic rheological 
testing. 

The G’ values for samples at each pH were compared 
at a constant strain of 1% and frequency of 10 rad/s. When 
comparing G’ values across the full range of pH explored 
(n=2 gels/sample), pH-dependent mechanical properties 
were clearly evident (Fig 2E, Fig S4). G’ values were found 
to decrease with increasing pH as follows: 6.2 kPa (pH 4), 
5.1 kPa (pH 5), 53.7 Pa (pH 6), 4.3 Pa (pH 7), and 1.2 Pa 
(pH 8). Limited differences were observed for G’ in 
samples of pH 4 and pH 5, yet G’ was reduced by two 
orders of magnitude for samples prepared at pH 6 and 
another order of magnitude for samples prepared at pH 
7. Samples prepared at pH 8 had G’ measurements at the 
lower limit of instrument sensitivity. 

For peptide-based gelators, the magnitude of G’ is 
correlated with an increase in the length, stiffness, and 
extent of bundling for high aspect-ratio nanostructures in 
the hydrogel. An increased propensity for β-sheet 
hydrogen bonding often underlies these changes in 
stiffness.36 Rheological data coupled with evidence from 
TEM, CD, FTIR, and ThT studies suggests a mechanism 
whereby the increased negative charge of assemblies at 
pH levels of 6 and above drives an increase in repulsive 
forces within nanofibers to reduce packing and β-sheet 
formation, shorten the overall nanofiber length, and 
promote lower extents of aggregation. For any structures 
that do form, electrostatic repulsion between nanofibers 
due to increased negative charges would act to limit the 
extent of fiber bundling and physical crosslinking. 
Accordingly, from these comparative rheological results, 
along with evidence from TEM, CD, FTIR, and ThT, it can 
be inferred that glutamic acid residues in the assembled 
structures have a likely pKa in the range of 5-6, thus 
leading to the dramatic shift in pH-dependent G’ 
observed when transitioning between these two pH 
levels. 

Rheological testing under cyclic strain is typically 
performed to assess the self-healing capacity of a 
physically crosslinked hydrogel in the context of its 
suitability for injection-based applications.44,45 Here, the 

PA hydrogel prepared at pH 5 was subjected to step-
strain cycling between 1% and 100% strain at a constant 
frequency of 10 rad/s (Fig 2F). This high strain was 
selected to be in excess of the critical strain for the material 
(G’’>G’ at >55% strain). After multiple cycles of 30 s 
duration at high strain, G’ values for the material were 
recovered instantly upon a return to low strain. In the 
context of the eventual envisioned application of these 
materials, a stable hydrogel containing GOx could be 
administered in a pH 5 buffer through a syringe into a 
normoglycemic environment and recover its mechanical 
properties nearly instantly in situ prior to being placed 
under assembly control by consumption of physiological 
glucose fuel (Movie S1). Divalent cations like Ca2+ and 
Mg2+ are known to stiffen PA hydrogels of this type via 
ionic crosslinking of glutamic acids.37 To assess whether 
such an effect would compromise pH-responsive 
properties in vivo by stabilizing nanofibers at neutral pH, 
CD and rheology were performed under physiological 
Ca2+ and Mg2+ levels. No change in the β-sheet content or 
storage modulus of the material was found at pH 7.4 
upon introduction of these divalent ions (Fig S5). 
Glucose-dependent Gelation. After pH-dependent 

self-assembly and gelation was established, glucose-
dependent gelation was explored through the inclusion 
of GOx to actuate glucose into a pH stimulus. One benefit 
of hydrogelation of this material at 1% w/v is the 
significant hydrated and interconnected porosity (Fig S6) 
to enable encapsulation of proteins like GOx to drive 
gelation in response to glucose. Samples of C10–V2A2E2 
were prepared at 1% w/v in buffer at pH 7.4, with glucose 
added to achieve concentrations ranging from 0 to 200 
mg/dL (0 to 11.1 mM). These ranges of glucose were 
selected to span typical physiological glucose levels in the 
healthy state and extend down to levels corresponding to 
hypoglycemia. Following equilibration for 24 h, samples 
were assessed grossly for gelation by vial inversion (Fig 
3A), as performed in pH-dependent gelation studies. 
Visual inspection following vial inversion revealed self-
supporting hydrogels at glucose concentrations of 200 
mg/dL and 150 mg/dL. The material prepared with 100 
mg/dL glucose was very viscous but slowly flowed upon 
inversion, while those prepared at 0 mg/dL and 50 mg/dL 
were not self-supported on inversion. 

Rheological studies were performed to quantify 
differences in hydrogel character arising from glucose 
(Fig 3B). Measurements were collected as before for gels 
prepared in each of the different glucose-containing 
buffers. The value of G’ increased with increasing levels 
of glucose, as follows: 10.2 Pa (0 mg/dL), 19.0 Pa (50 
mg/dL), 29.5 Pa (100 mg/dL), 206.6 Pa (150 mg/dL), and 
2.4 kPa (200 mg/dL). Given results of pH-dependent 
gelation for C10–V2A2E2 PA, it was expected that inclusion 
of GOx would actuate increased glucose level into a local 
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reduction in pH driving hydrogelation. A microelectrode 
pH probe was submerged within each hydrogel (Fig 3C), 
and glucose-dependent pH reduction was recorded, 
ranging from pH 7.3 (0 mg/dL) to pH 5.5 (200 mg/dL). It 
is noted that all samples began at pH 7.4; enzymatic 
conversion of glucose afforded by GOx was thus 
responsible for reducing pH of the fluid within the 
hydrogel. These measured pH values support findings 
from rheology as higher G’ was observed at higher 
glucose concentration which translated to a lower 
sampled pH. In addition, these findings also confirmed 
results for the relationship between G’ and pH, with 
similar results obtained for comparable pH values 
realized upon addition of glucose. Small discrepancies in 
G’ values between the pH and glucose studies presented 
here may be attributed to inclusion of the large GOx 
protein (160 kDa) within the nanofibrillar mesh of the 
hydrogel. The fixed and finite glucose concentrations 
within these small volume hydrogels may somewhat 
limit direct comparisons with concentrations for their use 
in a physiological setting, as a replenishable glucose 
supply could further stiffen the materials through 
enhanced pH reduction. 

The results of these glucose-dependent gelation 
studies support this platform coupled with GOx to 
translate glucose levels into changes in nanoscale and 
bulk material properties. Based on common 
interpretations of G’ values for nanofibrillar peptide 

hydrogels, higher glucose concentrations here 
corresponded to a more highly interconnected network 
arising from physical interactions between longer and 
stiffer nanostructures. As glucose levels were reduced to 
approach hypoglycemic levels, the network topology as 
measured by G’ decreased by several orders of 
magnitude. Thus, the self-assembly of C10–V2A2E2 PA 
coupled with GOx afforded a reliable platform wherein 
local glucose concentration could be manifest in hydrogel 
formation and mechanical properties. 
Glucose-Dependent Glucagon Release. After 

identifying a gelator capable of both pH- and glucose-
responsive self-assembly and hydrogelation, controlled 
release of an encapsulated therapeutic glucagon payload 
was next assessed. Screening of PA sequences had 
identified the lead sequence on the basis of pH-dependent 
controlled release of a neutral model macromolecule 
(3kDa FITC-dextran, Fig S1), supporting a mechanism of 
pH-directed change in network structure dictating the 
rate of passive release of macromolecules comparable in 
size to glucagon. For functional release studies, the 
dasiglucagon analogue was selected as the payload due 
to its improved solubility and stabilized secondary 
structure relative to native glucagon.46 For ease in 
detection during release studies, a fluorescent 
methoxycoumarin (MCA) group was substituted in place 
of a tryptophan on the dasiglucagon sequence. Hydrogels 
were prepared in all cases in a pH 5 buffer at 1 % w/v to 
ensure initial gelation. Each 100 µL hydrogel also 
contained GOx, catalase, and 0.2 mg of MCA-
dasiglucagon. It is noted that catalase was added to these 
formulations in order to catalyze the conversion of the 
toxic GOx byproduct, H2O2, into H2O and O2 in advance 
of in vivo application, as is commonly done to reduce 
toxicity for other GOx-based glucose-responsive 
materials.47 Each hydrogel was immersed in 4 mL pH 7.4 
buffer containing different physiologically relevant 
glucose concentrations, while a control hydrogel was 
immersed in a pH 5 buffer to understand dasiglucagon 
leakage from the fully stable hydrogel. In order to 
maintain desired glucose concentrations for each group, 
a small volume of a concentrated glucose solution was 
added during release studies to replenish the glucose fuel 
consumed by GOx, enabling stable glucose 
concentrations over time as confirmed by glucometer 
readings. 

Studying release over a range of glucose 
concentrations revealed clear glucose-dependent 
dasiglucagon release (Fig 4A), with both the rate and 
amount of dasiglucagon release decreasing with 
increasing glucose levels in the buffer. At 24 h, retained 
dasiglucagon in each sample was extracted and 
quantified to verify mass balance closure (Fig 4B). When 
time-dependent release data were fit to a standard first-

Figure 3: (A) Glucose-directed hydrogel formation at 1% 
w/v C10–V2A2E2 PA with GOx in physiologic buffers at pH 
7.4 and with assorted glucose concentrations. Images 
collected 24 h following sample preparation. (B) Plateau 
modulus for C10–V2A2E2 PA samples prepared at 1% w/v 
in pH 7.4 buffer of various glucose concentrations (1% 
strain, 10 rad/s). (C) pH recorded by submersion of an 
electrode into hydrogel samples 24 h after under conditions 
of various glucose input. 



7 

order model, the model plateau values obtained ranged 
from 91% (0 mg/dL) to 26% (200 mg/dL), indicating the 
role of GOx conversion of glucose in stabilizing the 
hydrogel and limiting its release of encapsulated 
dasiglucagon. The pH 5 control hydrogel, meanwhile, 
showed slow and limited release with a first-order 
plateau value of 11%. The inclusion of GOx was critical to 
achieving controlled dasiglucagon release in the presence 
of glucose (Fig S7). The pH of the bulk buffer, which 
began at pH 7.4, decreased at 24 h as a result of 
acidification from GOx action, reaching a pH of 5.9 in the 
buffer containing 200 mg/dL glucose (Fig 4C). This 
reduction in bulk pH occurred steadily over the first 
several hours of gel incubation (Fig S8). The initial release 
rates during the first 3 h of incubation were also higher 
for samples incubated in 0 mg/dL (12.3%/hr) compared to 
those in 200 mg/dL glucose (7.3%/hr), supporting 
glucose-dependent release even at early times before a 
significant bulk acidification was realized to stabilize the 
hydrogel and slow release. It is noted that bulk pH 
measurements do not necessarily reflect the local 
microenvironmental pH within the hydrogel that may 
arise from concentration gradients, preferential proton 
localization, and/or differential pH buffering by charged 
residues of the material. Local reductions in 

microenvironmental pH have been postulated as a 
mechanism for function of many related hydrogel 
systems that use GOx to induce pH-responsive swelling 
and insulin release.24–26 The lag in glucose-induced 
material stabilization, and concomitant burst release in 
the initial period, offers an opportunity for future 
refinement of these and related technologies.  

GOx activity was preserved within the gel for at least 
10 d based on its ability to repeatedly lower pH upon 
daily recharge with an unbuffered and neutral 200 mg/dL 
glucose solution (Fig S9). This is expected given the 
weeks-long use of GOx as a sensor in implanted 
continuous glucose monitors.48 Moreover, the 
dasiglucagon payload remains stable for at least 7 d of 
incubation in the pH 5 environment expected within the 
hydrogel, showing no sign of degradation or amyloid 
formation (Fig S10).  

The envisioned application for glucagon delivery 
using glucose-stabilized materials is as an administered 
prophylactic, ready in the event of subsequent onset of a 
serious hypoglycemic episode. Thus, a rapid reduction in 
glucose level should trigger material dissipation and 
accelerated glucagon release. To assess this use, 
hydrogels prepared identically to those in the release 

Figure 4: (A) Glucose-dependent release of MCA-dasiglucagon from within 100 μL of 1% w/v C10–V2A2E2 PA hydrogels 
with GOx prepared initially in pH 5 buffer and then incubated in a bulk solution of 4 mL pH 7.5 buffer containing different 
levels of dissolved glucose. Data were fit to a standard first-order release model. (B) Total MCA-dasiglucagon released at 
24 h, combined with MCA-dasiglucagon remaining within residual material after treatment of the system with concentrated 
base (gray bars in all cases). (C) Final pH of the release system after 24 h. (D) Step-change release, beginning with 
hydrogels prepared at 100 mg/dL glucose and then exchanging the full 4 mL release buffer with a buffer containing 0 mg/dL 
glucose at 2 h (red point). 
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studies were first incubated in a buffer of 100 mg/dL 
(resembling normoglycemia) and following 2 h the buffer 
was exchanged to 0 mg/dL (Fig 4D). The instantaneous 
reduction in glucose led to an acceleration in 
dasiglucagon release from 10.8%/hr before the buffer 
change to 31.7%/hr after. In this case, release when the 
sample was switched to 0 mg/dL glucose was even faster 
than it was in the case where the experiment was 
initialized from 0 mg/dL glucose buffer. Complete buffer 
exchange can increase release due to dilution, swelling, 
and/or gel erosion, but this alone did not account for the 
more rapid release following introduction of the glucose-
free buffer (Fig S11). 
Hypoglycemia Prevention in Diabetic Mice. With a 

hydrogel material that leveraged GOx to achieve stability 
in the presence of a consumable glucose fuel but which 
dissipated under conditions of reduced glucose to 
accelerate the release of its dasiglucagon payload, the 
next step was to assess the protective effect of this 
material to limit the onset and severity of a subsequent 
hypoglycemic event. For these studies, a mouse model 
was developed using streptozotocin (STZ) for chemically 

induced diabetes. STZ mice were chosen due to reports of 
dose-dependent increase in insulin secretion and blood 
glucose reduction seen for healthy mice treated with 
glucagon.49 Following onset of severe diabetes, the 
hydrogel technology reported here was assessed in a 
prophylactic capacity to limit the onset and severity of 
hypoglycemia upon an insulin overdose (Fig 5). 

With limited reports assessing the protective use of 
glucose-responsive glucagon therapy, it was necessary to 
develop an animal model that could recreate some of the 
clinical features expected in using a material designed to 
maintain sequestered glucagon onboard in the event of a 
subsequent hypoglycemic episode (Fig 5A). STZ mice 
were fasted to increase sensitivity to both insulin and 
glucagon and limit confounding data arising from 
variable eating patterns. After a 9 h fast, basal insulin 
detemir (Novo Nordisk, Levemir®) was administered to 
correct blood glucose to within the normoglycemic range 
for a healthy mouse (~180-200 mg/dL) to simulate insulin-
dependent blood glucose control in diabetes. Insulin 
detemir is a clinically used derivative that leverages serum 
albumin binding through its modification with a 

Figure 5: (A) A cartoon schematic overview with data for the full in vivo experimental model to assess prophylactic 
hypoglycemia correction with C10–V2A2E2 PA hydrogels. STZ diabetic mice were fasted and then administered insulin 
detemir to stabilize blood glucose within a normal range. After 4 h, treatments were then administered (t = 0) and blood 
glucose was monitored. At 2 h after treating with buffer, dasiglucagon, or PA hydrogel, an insulin overdose was performed. 
Blood glucose was monitored throughout the study. A dashed line is drawn at 60 mg/dL for visualization of the approximate 
region characterized clinically as mild hypoglycemia (<70 mg/dL but >54 mg/dL). (B) The extent and duration of 
hypoglycemia was evaluated between treatments with arrows noting the timing of observed deaths. (C) The nadir (lowest) 
blood glucose reading, as well as (D) the final blood glucose measured at 300 min was also compared between groups. 
Each treatment group was n=9 mice, error bars indicate SEM for each group, and statistical analysis was performed using 
ANOVA with multiple comparisons post-hoc testing. 
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saturated alkyl chain to achieve long-lasting basal 
function, offering a duration of action of ~18-20 h in 
humans.50 The intention of this step was to achieve a 
consistent blood glucose level in mice on a plane of 
normoglycemia, an outcome evident in data for all mice 
reported in this study (184 ±49 mg/dL, mean ±std dev, 
n=27). Treatments (n=9/group) consisting of a sham 
(buffer) control, a dose of 0.01 mg dasiglucagon, or 1 % 
w/v hydrogel containing 0.01 mg dasiglucagon along 
with GOx/catalase were next administered 
subcutaneously. Following 2 h, an insulin challenge was 
performed by injection of recombinant human insulin to 
induce hypoglycemia. Blood glucose was monitored 
serially throughout the process. 

Following treatment with dasiglucagon alone or 
loaded within the hydrogel, blood glucose level sharply 
increased relative to the buffer control at 30 min (Fig 5A). 
This finding indicates active signaling of dasiglucagon in 
both treatments. Such a rapid peak is consistent with the 
known time to action of dasiglucagon in clinical trials.46 
Unfortunately, this result points to leakage of active 
dasiglucagon upon administration of hydrogels under 
normoglycemic conditions; this is to be expected based on 
the near-instant release of ~20% of the dasiglucagon 
payload for release assays at 200 mg/dL. Future iterations 
of glucose-fueled hydrogels for dasiglucagon delivery, 
particularly if intended as prophylactic rescue devices, 
must address this initial burst release so as not to interfere 
with the process of blood glucose control in insulin-
centered therapeutic management. 

Hypoglycemia was induced 2 h after prophylactic 
glucagon treatment by intraperitoneal administration of 
recombinant insulin and blood glucose was monitored to 
track the onset and severity of hypoglycemia (Fig 5B, Fig 
S12). The average blood glucose for mice treated with 
dasiglucagon-loaded hydrogels exceeded that for the 
other two treatments, achieving significantly (p<0.05) 
higher blood glucose at 45 min following insulin 
challenge through the end of the study. The extent of 
hypoglycemia can be visualized by the minimum (nadir) 
blood glucose value measured for each group (Fig 5C). By 
this metric, the nanofibrillar hydrogel treatment (65.9 ±2.8 
mg/dL) demonstrated significantly (p<0.01) less 
hypoglycemia than treatment with either dasiglucagon 
alone (41.1 ±5.0 mg/dL) or the buffer control (41.2 ±7.3 
mg/dL). Not only did the nanofibrillar hydrogel delivery 
limit the onset and extent of hypoglycemia, but it 
demonstrated protection compared to limited 
observations of death for buffer (2 of 9) and dasiglucagon 
(1 of 9) treatments (Fig 5B). 

To assess recovery from hypoglycemia, blood glucose 
levels were compared at the endpoint of the study, 3 h 
following insulin challenge and 5 h following 

administration of prophylactic treatment. By this metric, 
the nanofibrillar hydrogel treatment (118.3 ±5.7 mg/dL) 
demonstrated significantly (p<0.01) faster recovery than 
treatment with either dasiglucagon alone (65.6 ±10.8 
mg/dL) or the buffer control (70.7 ±16.1 mg/dL) (Fig 5D). 
Taken together with data showing a reduced severity of 
hypoglycemia, these data demonstrate that the 
nanofibrillar hydrogel achieves more rapid recovery 
following induction of hypoglycemia. 

 The fully formulated 50 µL hydrogel was located 
through necropsy in the subcutaneous space for up to 5 d 
following its administration in healthy mice, but could 
not be located at 7 d. As such, the material has reasonable 
stability over multiple days following administration, 
even when applied to a healthy mouse at a 
normoglycemic state. Yet the stability over time under 
normoglycemic conditions still lags behind related PA-
based materials that form stable hydrogels at neutral pH, 
which remain in the subcutaneous tissue for over 30 d.51 
Preliminary experiments also supported a functional role 
for GOx in actuating blood glucose level to dictate 
dasiglucagon release from the hydrogel in vivo, 
supporting glucose-dictated release as opposed to simple 
controlled release as the mechanism of hydrogel function 
in protecting against hypoglycemia (Fig S13). 

The limited prior studies evaluating glucagon release 
triggered by insulin overdose and hypoglycemia makes 
contextualizing the present findings a challenge. 
Microneedle arrays have been most commonly explored 
in this area, leveraging insulin-binding aptamers or 
glucose-binding phenylboronic acid polymers to trigger 
transcutaneous release of encapsulated glucagon.11,52,53 
Compared to these works, the current model may be 
more clinically relevant in its use of basal insulin insulin 
detemir to begin studies from a point of glucose control 
instead of from a hyperglycemic (e.g., 400+ mg/dL) state. 
The use of fasting, and the protocols in cases where it has 
been previously used, also vary across these prior studies. 
Nonetheless, the results presented here compare 
favorably. In terms of protection against hypoglycemia, 0 
of 9 mice treated with the glucagon-loaded nanofibrillar 
hydrogel reached levels below 50 mg/dL, whereas 7 of 9 
mice in the buffer-treated group fell below this same 
level. This extent of hypoglycemia in the control is at least 
as severe as that reported in other studies,53 validating the 
relevance of the present model. Compared to this same 
prior work, the glucagon-treated group here began to 
recover from hypoglycemia within 90 min of insulin 
challenge, whereas the blood glucose profile in these 
prior glucagon-releasing microneedles remained flat or 
slightly decreased for the full period shown following 
insulin overdose (2.5 h).53 The expected duration of action 
for insulin detemir in the present model also means that 
recovery occurs in spite of residual basal insulin action. 
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Overall, the results presented here to use transient 
glucose-stabilized hydrogels for glucagon delivery 
demonstrate promise in the context of other works in this 
space. 

Glucagon leakage leading to blood glucose instability 
under conditions of normoglycemia would not be ideal 
for a once-nightly prophylactic treatment to prevent 
sudden onset of nocturnal hypoglycemia, as in the 
envisioned use case here. At the same time, glucagon has 
been actively explored in affording better control and 
more effective insulin dosing, such as in clinical work 
exploring control from dual-hormone pumps.54 Thus, 
technologies like the current system that offer glucose-
directed control over the rate of glucagon release may be 
integrated more broadly within an arsenal of therapeutic 
strategies for better and more responsive blood glucose 
management, working to deliver on approaches seeking 
a “fully synthetic pancreas.”7 Indeed, inspirational work 
in dual-hormone microneedles points to a possibility for 
future material designs that pair on-demand glucagon 
and insulin release for better blood glucose control.11 

CONCLUSIONS 
The approach outlined here demonstrates the use of 

enzymatic actuation consuming a ubiquitous biological 
and disease-relevant glucose fuel to drive the formation 
and stability of a supramolecular nanofibrillar hydrogel. 
These materials afforded glucose-directed release of a 
therapeutic glucagon analogue in a manner inversely 
related to glucose concentrations, spanning a 
physiologically relevant range. Moreover, this approach 
demonstrated the capacity to limit both the extent and 
duration of hypoglycemia in a diabetic mouse model 
when administered in a prophylactic capacity in advance 
of an insulin challenge. Relative to the body of work in 
glucose-responsive materials, the majority of which 
respond to high glucose levels to release insulin, the 
present approach offers a new paradigm in material 
design. This observation of material stability in the 
presence of continuously available glucose fuel is 
furthermore reminiscent of work seeking to achieve non-
equilibrium steady states in materials under enzymatic 
control.18 With inspiration from many functional non-
equilibrium materials in the living world, routes to 
engineer synthetic analogues of such materials have been 
active areas of discovery. Whereas the vast majority of 
such non-equilibrium systems reported to date are highly 
fundamental or have leveraged non-biologically relevant 
fuel sources, the present work demonstrates functional 
utility of similarly inspired approaches to engineer 
materials for a therapeutic application driven by a 
biological and disease-relevant glucose analyte as fuel. 
Accordingly, this general approach to develop glucose-

fueled responsive materials holds promise for further 
development, either as a protective approach against 
hypoglycemia or as a component of a fully synthetic 
strategy for dual-hormone blood glucose control in 
diabetes. 

EXPERIMENTAL METHODS 
Peptide Synthesis & Purification. Peptide amphiphiles 

(e.g., C10–V2A2E2, Fig 1C) were synthesized by solid-phase 
methods using a CEM Liberty Blue automated 
synthesizer. Rink amide resin (0.89 emq/g, 100-200 mesh) 
and Fmoc-protected amino acids were purchased from 
ChemImpex. Fmoc removal was achieved using 20% 
piperidine in DMF, with couplings conducted under 
microwave heating using diisopropylcarbodiimide (DIC) 
and Oxyma in DMF. Peptides were cleaved from resin 
and protecting groups were removed by agitation in 
trifluoroacetic acid (TFA)/triisopropylsilane/H2O 
(95:2.5:2.5, v/v/v) for 2 h at room temperature. The 
solution was evaporated under vacuum to remove most 
TFA and the product was recovered by precipitating in 
cold diethyl ether and collected by centrifugation. A solid 
white powder was air-dried overnight. Peptide 
purification was next performed on a Biotage Isolera 
system. The fully dried sample was dissolved in 
hexafluoro-2-propanol (HFIP) at a concentration of 100-
150 mg/mL and injected onto a reversed-phase bio-C18 
flash cartridge (50g) at a flow rate of 40 mL/min with the 
linear gradient from 0-100% (v/v) acetonitrile (+0.1% 
NH4OH) in water. UV absorbance was monitored at 220 
and 280 nm for fraction collection. The purified sample 
was collected and purity was verified by electrospray 
ionization mass spectrometry (ESI-MS, Advion, Fig S14) 
and analytical HPLC on a C18 Gemini (Phenomenex) 
column (Fig S15). The purified fractions were lyophilized, 
yielding a white powder product. 

The stable modified glucagon analogue, known as 
dasiglucagon (sequence reported46), and a fluorescent 
dasiglucagon variant modified with methoxycoumarin 
(MCA-dasiglucagon) were synthesized and purified 
according to similar methods as detailed above. To 
prepare a fluorescent MCA-dasiglucagon, MCA-lysine 
(Sigma) was inserted in place of the tryptophan residue at 
position 25. Both products were verified by ESI-MS and 
analytical HPLC (Figs S16-S19). The native conformation 
of dasiglucagon was verified by circular dichroism 
spectroscopy (Fig S20). The fluorescent properties of 
MCA-dasiglucagon was verified spectroscopically (Fig 
S21). 
pH-dependent Self-assembly & Hydrogelation. The 

C10–V2A2E2 peptide amphiphile was first dissolved in DI 
water at a concentration of 2% (w/v). The solution was 
adjusted to pH 7.4 using 0.1 M HCl, and then mixed with 
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an equal volume of citrate-phosphate buffer (150 mM 
buffer +150 mM NaCl) at different pH (4, 5, 6, 7, 8) to form 
a gel at a concentration of 1% (w/v) in a final buffer 
concentration of 150 mM. 
Glucose-dependent Self-assembly & Hydrogelation. 

The C10–V2A2E2 peptide amphiphile was first dissolved in 
DI water at a concentration of 2% (w/v). The solution was 
adjusted to pH 7.4 using 0.1 M HCl, and then mixed with 
an equal volume of 300 mM NaCl solution containing 
440U/mL GOx and different glucose concentration (0, 100, 
200, 300, 400mg/dL) to achieve final glucose 
concentrations of 0, 50, 100, 150, and 200mg/dL and final 
peptide concentration of 1% (w/v). 
Rheological Characterization. Dynamic oscillatory 

rheology was performed on a TA Instruments Discovery 
HR-2 rheometer fitted with a Peltier stage using a parallel 
plate geometry with diameter of 25 mm to test the 
mechanical properties of all peptide hydrogels. Samples 
were prepared at a concentration of 1% (w/v) in buffers of 
different pH or glucose concentration, as described 
above, and measured 24 h after gel preparation. An 
amplitude sweep was first performed to determine the 
linear viscoelastic range for each hydrogel condition, and 
then a frequency sweep was performed at constant strain. 
Subsequently, a time-sweep (1% strain, 10 rad/s angular 
frequency) was performed for all hydrogels to measure 
and compare the storage modulus (G’). A step-strain 
study alternating between 1% strain for 2 min and 100% 
strain for 30 s at angular frequency 10 rad/s was also 
performed for the pH 5 hydrogel. 
Circular Dichroism Spectroscopy. Near-UV circular 

dichroism spectroscopy (CD) was performed using a 
Jasco J-815 instrument. Samples were typically prepared 
at a concentration of 0.1% (w/v) in 50mM phosphate 
buffer at various pH (5-8) and 50 µL peptides solution 
was transferred to a quartz plate cuvette with pathlength 
of 0.1 mm. Three spectra were collected (range of 250-185 
nm, 50 nm/min scanning speed) and averaged for each 
sample. For quality control, spectra were truncated upon 
photomultiplier voltage (HT) exceeding 600 mV. 
FTIR. The peptide was first dissolved in D2O at a 

concentration of 2% (w/v). The solution was adjusted to 
pH 7.4 using 0.1 M deuterium chloride (DCl), and then 
mixed with an equal volume of citrate-phosphate buffer 
prepared in D2O (150 mM buffer +150 mM NaCl) at 
different pH (5, 6, 7, 8) to form a gel at a concentration of 
1% (w/v) in a final buffer concentration of 150 mM. Gel 
samples of 10 µL for each pH were dropped, dried for 10 
minutes, and analyzed using a Jasco FT/IR-6300 
spectrometer. A background of the buffer in D2O was 
subtracted from all spectra. 
ThT Assay. Peptide solutions at concentration of 0.1% 

(w/v) were prepared in citrate-phosphate buffer (15mM 

buffer + 150mM NaCl) at pH value of 5 and 7 separately. 
Subsequently, 198 µL of these peptide solutions were 
combined with 2 µL of a 10 mM Tht stock. Fluorescence 
was measured on a Tecan M200 plate reader (Ex: 485 nm, 
Em: 528 nm) every 15 s. Following 300 s of equilibration, 
2 µL 1M NaOH was added into pH 5 peptide solution 
reaching a final pH value of 7. For pH 7 peptide solution, 
2 µL DI water was added. The volume of NaOH was 
verified to achieve pH 7 in this buffer system. The change 
of fluorescence intensity for both solutions was 
immediately recorded over another 300 s. A background 
of ThT in pH 5 and pH 7 buffer was subtracted from all 
spectra. 
Transmission Electron Microscopy. Transmission 

electron microscopy (TEM) was performed using a JEOL 
2011 instrument. Peptide samples were prepared at a 
concentration of 0.1% (w/v) in a 50mM phosphate buffer, 
at various pH (5, 6, 7, 8). These samples were deposited at 
a volume of 10µL onto a carbon-coated copper grid (200 
mesh), wicked using filter paper after 30 s, and stained 
using 5 µL of a uranyl acetate solution. Grids were dried 
overnight prior to imaging. 
Scanning Electron Microscopy. Peptide hydrogel 

samples were prepared at a concentration of 1% (w/v) in 
pH 5 citrate-phosphate buffer and fixed in a 4% 
glutaraldehyde solution in the same buffer at 4 °C 
overnight. Fixed peptide samples were washed in citrate 
phosphate buffer and DI water and serially dehydrated in 
35%, 50%, 70%, 95%, and 100% ethanol. The dehydrated 
samples were dried using an Autosamdri®-931 CO2 
critical point dryer (Tousimis, Rockville, MD, USA). The 
dried samples were sputter-coated with a 3 nm Iridium 
layer and imaged using a FEI Magellan 400 field-emission 
scanning electron microscope at an accelerating voltage of 
2 kV.   
Glucose-dependent Glucagon Release. To evaluate 

glucose-responsive dasiglucagon release, 100 µL peptide 
hydrogels (1% w/v) containing 11 U GOx, 38.84 U 
catalase, and 0.02 mg MCA-dasiglucagon were prepared 
in pH 5 citrate-phosphate buffer. Once formed, the 
hydrogels were incubated within 6-well plates in 4 mL of 
either pH 5 or pH 7.4 buffer for pH-dependent release, or 
in a pH 7.4 buffer containing 0, 50 100, 150, 200 mg/dL 
glucose for glucose-dependent release. At each time 
point, a 20 µL aliquot was taken for fluorescence analysis 
(Ex: 322 nm, Em: 398 nm) with the MCA-dasiglucagon 
concentration determined using a standard curve (Fig 
S21). As glucose was continually consumed during the 
study, 20 µL of concentrated glucose solution was added 
to maintain a constant glucose level as verified by 
readings using a handheld glucometer. After 24 h, all 
samples were treated with 0.1 M NaOH to disrupt any 
remaining hydrogel structure and fluorescence of 
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residual MCA-dasiglucagon was measured to ensure 
mass balance closure. The pH of the bulk release buffer 
was also measured using a pH meter. To evaluate the 
impact of a sudden drop in glucose level on release, a 50 
µL hydrogel containing 5.5 U GOx, 19.42 U Catalase, and 
0.01 mg MCA-dasiglucagon was incubated in 2 mL pH 
7.4 buffer containing 100 mg/dL glucose for 2 h. 
Subsequently, the incubation solution was removed and 
replaced with the same volume of pH 7.4 buffer 
containing no glucose.  
Blood Glucose Control in vivo. To assess the ability of 

this technology to act in a preventative role to limit the 
onset and severity of hypoglycemia, a mouse model was 
established. Male C57BL6/J mice, aged 8 weeks, were 
induced to be diabetic by the destruction of pancreatic β-
cells using a single intraperitoneal (i.p.) injection of 
streptozotocin (STZ, Cayman Chemical) at a dose of 150 
mg/kg, according to published dosing protocols.55 It is 
noted that for the dosing of all compounds and agents 
here, mice were assumed to have a body weight of 25 g. 
Insulin-deficient diabetes was verified at 9-13 d following 
STZ treatment using handheld blood glucose meters 
(CVS brand) to ensure unfasted blood glucose (BG) levels 
of 600+ mg/dL. These glucometers measure blood glucose 
values in the range of 20-600 mg/dL. For convention in 
presenting data, values of “high” are plotted as 600 
mg/dL, while values of “low” are plotted as 20 mg/dL. 
Mice were fasted overnight for a period of 9 h, after which 
time BG was again measured. Mice having a fasted BG 
<450 mg/dL were triaged and removed from further 
study. Remaining mice were dosed with basal insulin 
detemir (Levemir®, Novo Nordisk) via subcutaneous (s.c.) 
injection at a dose of 0.5 IU/kg in a total injection volume 
of 100 µL. Following an additional 4 h fast to normalize 
blood glucose levels to a normal range for mice (~180 
mg/dL), mice were randomized into groups and treated 
with buffer, dasiglucagon alone (0.01 mg), or the full PA 
hydrogel system at pH 5 and 1% w/v loaded with 0.01 mg 
dasiglucagon, 1.1 U GOx, 7.77 U Catalase in a 50 µL s.c. 
injection. This material formulation was verified to be 
stable following extrusion through a syringe into a pH 7 
buffer containing 100 mg/dL glucose (Movie S1). Blood 
glucose was monitored serially following treatment, 
which for purposes of data visualization was set as t=0 
min. At 2 h following administration of treatments, 
hypoglycemia was induced by i.p. injection of AOF 
recombinant human insulin (Gibco) at a dose of ~2.5 
IU/kg in 100 µL of saline. BG levels were monitored for 
an additional 3 h after insulin overdose to monitor the 
onset of, and recovery from, hypoglycemia. Mice 
exhibiting “low” readings, as well as those which died 
from hypoglycemia, were noted with BG values of 20 
mg/dL. In total n=9 mice per group were assessed by these 
methods, performing all treatments in two separate 

experiments on different mouse cohorts at different times 
and combining the data for analysis here. Mice were 
fasted for the duration of the study but had continuous 
access to water. These studies were detailed in a protocol 
approved by the University of Notre Dame Animal Care 
and Use Committee and adhered to all relevant 
Institutional, State, and Federal guidelines. Statistical 
testing between treatment and control groups was 
performed using one-way ANOVA with Tukey multiple 
comparison post-hoc testing (Graphpad Prism v9.0).  
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Synopsis: Enzymatic control of molecular self-assembly and hydrogelation enables encapsulation and 
glucose-responsive delivery of a therapeutic to address low glucose. 

 


