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Introduction

Uniform trehalose nanogels for glucagon
stabilizationt

Ellie G. Puente, (2 *° Rajalakshmi P. Sivasankaran,®® Daniele Vinciguerra, {22
Jane Yang,?® Haillie-Ann C. Lower,®° Andrea L. Hevener®® and
Heather D. Maynard (2 ¥2®

Glucagon is a peptide hormone that acts via receptor-mediated signaling predominantly in the liver to
raise glucose levels by hepatic glycogen breakdown or conversion of noncarbohydrate, 3 carbon precur-
sors to glucose by gluconeogenesis. Glucagon is administered to reverse severe hypoglycemia, a clinical
complication associated with type 1 diabetes. However, due to low stability and solubility at neutral pH,
there are limitations in the current formulations of glucagon. Trehalose methacrylate-based nanoparticles
were utilized as the stabilizing and solubilizing moiety in the system reported herein. Glucagon was site-
selectively modified to contain a cysteine at amino acid number 24 to covalently attach to the methacry-
late-based polymer containing pyridyl disulfide side chains. PEG,q00 dithiol was employed as the cross-
linker to form uniform nanoparticles. Glucagon nanogels were monitored in Dulbecco’s phosphate-
buffered saline (DPBS) pH 7.4 at various temperatures to determine its long-term stability in solution.
Glucagon nanogels were stable up to at least 5 months by size uniformity when stored at —20 °C and
4 °C, up to 5 days at 25 °C, and less than 12 hours at 37 °C. When glucagon stability was studied by either
HPLC or thioflavin T assays, the glucagon was intact for at least 5 months at —20 °C and 4 °C within the
nanoparticles at —20 °C and 4 °C and up to 2 days at 25 °C. Additionally, the glucagon nanogels were
studied for toxicity and efficacy using various assays in vitro. The findings indicate that the nanogels were
nontoxic to fibroblast cells and nonhemolytic to red blood cells. The glucagon in the nanogels was as
active as glucagon alone. These results demonstrate the utility of trehalose nanogels towards a glucagon
formulation with improved stability and solubility in aqueous solutions, particularly useful for storage at
cold temperatures.

difficulty walking, vision impairment, confusion, and
seizures.' Glucagon is currently administered to treat emer-

Individuals with type 1 diabetes regularly inject insulin to
manage blood glucose levels; however, insulin overdose and
irregular eating schedules can lead to hypoglycemia." Severe
hypoglycemia occurs when blood glucose levels fall below
50 mg dL™', with complications ranging from weakness,
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gency hypoglycemic episodes.* Glucagon increases blood
glucose concentration through binding to hepatic glucagon
receptors, which stimulate glycogen breakdown and release of
glucose from the liver.>” Due to low stability, low solubility at
physiological pH, and tendency to form toxic fibrils, glucagon
formulations for emergency delivery remain a challenge.® "’
New glucagon formulations have been developed within the
past few years, with some receiving FDA approval. In 2019, Eli
Lilly released the first nasal rescue glucagon, BAQSIMI™, for-
mulated as a 3 mg dry powder.'' ™™ Later that year, Xeris
Pharmaceuticals released the GVOKE HypoPen® formulated as
a solution of glucagon in sulfuric acid and dimethyl sulfoxide
(DMSO) in an automatic injector.'*'®> In 2021, Zealand
Pharma released their automatic injector ZEGALOGUE™,
which contains a glucagon analogue, dasiglucagon.'®™'®
Although these formulations demonstrate great progress and
effort towards a stable and efficacious glucagon formulation,
their stability in an aqueous pH 7.4 solution at a range of
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temperatures is limited. For example, BAQSIMI™ is only stable
up to 30 °C as a dry powder and cannot be expossed to moist-
ure. GVOKE HypoPen® is only stable up to 25 °C, is formu-
lated in organic solvent, and could cause pain at the injection
site from the sulfuric acid. ZEGALOGUE™ is only stable up to
25 °C.*1'>1® Thus, there is still a need for glucagon formu-
lations stable in aqueous solution.

Glucagon has been stabilized by various strategies includ-
ing chemical modification, covalent attachment of poly(ethyl-
ene glycol) (PEG), and addition of excipients including
salts, surfactants, and sugars.'®>* However, even with these
excipients in solution, glucagon is still susceptible to degra-
dation at neutral or slightly acidic pH (5-7) within ~26 h in
solution.>?

During manufacture, storage, and cold chain transport,
many biomolecules experience environmental stressors neces-
sitating stabilization.>'*** In particular, trehalose has been
used as an excipient for RNA, enzymes, insulin, and other pro-
teins, including glucagon in the GVOKE HypoPen®.>*>°
Trehalose stabilizes proteins in both solution and lyophilized
form;*°~* which is hypothesized to be achieved through vitrifi-
cation, water entrapment, and/or water replacement
mechanisms.**7® Properties that make trehalose a good stabil-
izer are its high solubility in water, large hydration number,
and a high glass transition temperature (T,).”® Trehalose poly-
mers, where the disaccharide is a side chain, exhibit superior
stabilizing capabilities compared to trehalose.*’””*' We have
previously shown that proteins retain greater bioactivity
against heat and lyophilization in the presence of trehalose
polymers as either an excipient, conjugate, hydrogel, or
nanogel compared to trehalose.’’**** Others have reported
that nanoformulations of trehalose polymers are considerably
more stable than other nanoparticles in cell culture media and
upon storage to deliver RNA and DNA in vivo.>” We previously
synthesized a trehalose nanoparticle by utilizing a chemically
modified glucagon, thiolated at N-terminus and Lys12. This
modification stabilized a glucagon nanoparticle in aqueous
solution (pH 7.4) for up to three weeks.>® However, these tre-
halose nanoparticles were non-uniform in size and mor-
phology when employing glucagon as a crosslinker.”” To trans-
late a formulation to human use, it is desirable that nano-
particles be synthesized with a high level of purity and
uniformity.*?

In the study described herein, we aimed to investigate an
alternative crosslinker to create uniform trehalose nano-
particles and evaluate the long-term stabilization of glucagon
in aqueous solutions over a range of relevant temperatures.
Glucagon was site-selectively modified to contain a cysteine at
glutamine (Gln) 24 to create a thiol reactive handle for ease of
conjugation (glucagon-SH). Previously, Gln24 was replaced
with alanine, yielding potency similar to the native peptide.*
Additionally, a crystal structure of a glucagon analogue
binding to its receptor including a substitution at Gln24
showed that the modification did not significantly influence
receptor binding.*® We copolymerized methacrylate functiona-
lized trehalose with pyridyl disulfide ethyl methacrylate using
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free radical polymerization conditions forming trehalose poly-
mers with thiol reactive handles. Glucagon-SH was conjugated
via a PDS disulfide exchange, followed by crosslinking with
PEG;000 dithiol to give pH 7.4 soluble and stable glucagon
nanogels uniform in size. The glucagon stability and nanogel
uniformity was thoroughly investigated at temperatures
mimicking environmental stressors as well as the in vitro bio-
compatibility and efficacy.

Experimental
Poly(PDSMA-co-TrMA) synthesis

Synthesis of trehalose methacrylate (TrMA) and pyridyl ethyl
methacrylate (PDSMA) monomers was conducted as previously
published (Fig. S1-541).>° The two monomers were copolymer-
ized using free radical polymerization with a 1:1
PDSMA : TrMA feed ratio resulting in poly(PDSMA-co-TrMA) as
previously described.”® Incorporation was determined by 'H
NMR spectroscopy (Fig. S51) and molecular weight was deter-
mined by gel permeation chromatography (GPC) (Fig. S67).

Empty nanogel synthesis

Poly(PDSMA-co-TrMA) (1.0 mg) was dissolved in 500 pL 10 mM
HCIl in a 1.5 mL lo bind Eppendorf tube equipped with a
micro stir bar. PEGyggo dithiol (0.63 mg, 50% of PDS side
chain) was dissolved in 250 pL 10 mM HCI, added to the reac-
tion vial dropwise, and left to stir at 8000 rpm, 4 °C for 3 h.
The crude empty nanogel solution was purified against DPBS
50 mM pH 7.4 using a 20 kDa MWCO microdialysis cup at
4 °C for 2 days. After purification, the empty nanogels were fil-
tered using a 0.2 pm PTFE filter until further analysis and
stored at 4 °C.

Glucagon nanogel synthesis

Poly(PDSMA-co-TrMA) (1.0 mg) was dissolved in 500 pL 10 mM
HCIl in a 1.5 mL lo bind Eppendorf tube equipped with a
micro stir bar. Glucagon-SH (2.2 mg, 50% of PDS side chain)
was dissolved in 250 pL 10 mM HCI and added to the reaction
vial. The vial was left to stir at 8000 rpm, 4 °C for 2 h. PEGygg0
dithiol (0.63 mg, 50% of PDS side chain) was dissolved in
250 pL 10 mM HCI, added to the reaction vial dropwise, and
left to stir at 8000 rpm, 4 °C for 3 h. The crude glucagon
nanogel was purified against DPBS 50 mM pH 7.4 using a
20 kDa MWCO microdialysis cup at 4 °C for 2 days. After puri-
fication, the glucagon nanogels were filtered using a 0.2 pm
PTFE filter and stored at either —20 °C, 4 °C, 25 °C, or 37 °C.
All glucagon nanogels were stored at 1 mg mL™" (polymer) in a
solution of DPBS 50 mM pH 7.4 unless otherwise noted for all
subsequential experiments. All glucagon nanogels were used
immediately unless otherwise noted.

HPLC glucagon quantification

Glucagon incorporation and conjugation was monitored via
the disappearance of the glucagon peak during the nanogel
formation and reappearance after reducing with tris(2-carboxy-

© 2024 The Author(s). Published by the Royal Society of Chemistry
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ethyl)phosphine (TCEP) 100 equiv. using the AUC of the gluca-
gon peak (Fig. S81) at 220 nm using high performance liquid
chromatography (HPLC). Glucagon-SH controls were dissolved
in minimal 10 mM HCI then brought to pH 7.4 with 50 mM
DPBS.

Thioflavin T (ThT) assay

BSA fibrils prepared at 1 mg mL™" were used as the positive
control by inducing fibrils by heating to 80 °C for 1 h.*® Empty
nanogels at 1 mg mL™" (polymer) in DPBS 50 mM pH 7.4 with
100 equiv. TCEP was used as the negative control. Glucagon
nanogels were incubated with 100 equiv. TCEP for 15 min at
4 °C before analysis. 250 pL of ThT solution at 50 uM (in
DPBS) was added into a black plate followed by the addition of
50 pL of either glucagon nanogel, empty nanogel, or BSA. The
solutions were covered in the dark and incubated at 25 °C for
20 min. Fluorescence intensity was then measured using a
plate reader (lex = 450 NM, Acr, = 482 nm).*’

Fetal bovine serum (FBS) glucagon nanogel stability

Glucagon nanogels were incubated with 10% FBS. DLS
measurements were taken at 0, 1, 2, and 3 days for samples
stored at 4 °C and 25 °C and at 0, 4, 8, and 12 h for samples
stored at 37 °C.

Cell lines and maintenance

The mouse embryonic fibroblasts, NIH 3T3 were provided by
Professor Andrea M Kasko, Engineering V, University of
California Los Angeles and the human liver cancer cells,
HepG2, from Professor Yu-Pei, California NanoSystem
Institute, UCLA. The mouse embryonic fibroblasts, NIH 3T3,
and human liver cancer cells, HepG2, were cultured in
Dulbecco’s modified Eagle’s medium (DMEM) media sup-
plemented with 10% FBS (v/v), 1% Pen Strep, and antibiotics
at 37 °C in a standard humidified atmosphere containing 5%
carbon dioxide (COy).

In vitro biocompatibility

The in vitro biocompatibility of empty nanogels and glucagon
nanogels were evaluated for 24 h in mouse embryonic fibro-
blasts, NIH 3T3, by performing the colorimetric MTT (3-(4,5-di-
methylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide)
assay. The MTT assay was evaluated for different concen-
trations: 10, 50, 100, 250, 500, 1000 pg mL~" for 24 h. 0.7 x 10"
cells per well were counted using hemocytometer, seeded in
96-well plates, and incubated at 37 °C overnight. The next day,
the cells were treated with different concentrations of the
empty nanogel and glucagon nanogel (freshly prepared,
3 month at 4 °C, and 3 months at —20 °C) and incubated at
37 °C for 24 h. Media supplemented with FBS served as a
control. After incubation, cell culture media was replaced with
serum-free media containing MTT reagent (5 mg per 10 mL)
and incubated at 37 °C for 3 h. The MTT-containing media
was removed, a solubilizing agent, DMSO, was added to dis-
solve the formazan crystals, and the absorbance was measured
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at 570 nm using a plate reader. For normalizing, the absor-
bance was measured at 630 nm.

Live/dead cell assay

The in vitro biocompatibility of empty nanogels and glucagon
nanogels were evaluated for 24 h in mouse embryonic fibro-
blasts, NIH 3T3, by performing a microscopic live/dead assay.
The live/dead assay was evaluated at 4 different concentrations:
10, 100, 500, 1000 pg mL™% 0.7 x 10" cells per well were
counted using a hemocytometer, seeded in 96-well plates, and
incubated at 37 °C for 12 h. The next day, the cells were treated
with different concentrations of the empty nanogel and gluca-
gon nanogel and incubated for 24 h at 37 °C. After 24 h, the
cell culture media was replaced with fresh media and fluo-
rescent probes calcein AM (green fluorescence) and ethidium
homodimer-1 (red fluorescence) were added, incubated for
20 min at 37 °C, and imaged using a fluorescent microscope.

In vitro efficacy study

The in vitro efficacy of the glucagon nanogel was evaluated by
comparing the level of lactate produced using a Lactate-Glo™
assay kit, Promega. The liver model cell line, HepG2 was used
for evaluating the levels of lactate produced. Cells (0.7 x 10*
per well) were plated in a 96-well plate and incubated over-
night at 37 °C. The next day, the cell culture media was
replaced with 1 mg of glucose containing media without FBS
and starved for 4 h. After 4 h, the media was replaced with
4.5 mg of glucose containing media with 10% FBS along with
the empty nanogel, glucagon-SH (20 pg) and glucagon
nanogel (20 pg). The sample of the medium at experimental
time points (2, 3, 6, 24, 48, and 72 h) were collected by diluting
4 pl into 96 ul DPBS. The samples were collected and frozen at
—20 °C until ready to perform the assay. The samples were
thawed and 50 pl was transferred to a white 96-well assay plate.
50 pL of Lactate Detection Reagent (Lactate-Glo™ assay,
Promega) was added and incubated for 60 min at 25 °C.
Luminescence was recorded using the plate reader.

Metabolic activity

The metabolic activity of the glucagon nanogels were evaluated
qualitatively by monitoring the color change of the cell culture
media in a liver model cell line, HepG2. Cells (0.3 x 10° per
well) were plated into 35 mm cell culture dishes and incubated
for 12 h at 37 °C. The next day, the cell culture media was
replaced with 1 g L™ of glucose containing media without FBS
and starved for 4 h. The control for the experiment was the
cells cultured in the cell culture media supplemented with
FBS. After 4 h, the media was replaced with 4.5 g L' of
glucose containing media with 10% FBS along with native glu-
cagon, glucagon-SH (20 pg mL™') and glucagon nanogel
(20 pg mL™"). The media color change was observed every day
and imaged after 72 h.

Hemocompatibility

Hemolytic effects of the glucagon nanogels were determined
following a previous report.*® Sheep red blood cells (RBCs)

RSC Appl. Polym., 2024, 2, 473-482 | 475


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lp00226h

Open Access Article. Published on 13 March 2024. Downloaded on 3/16/2026 7:06:01 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(1 mL, 100%) were resuspended in 5 mL of DPBS (50 mM, pH
=7.4) and centrifuged at 3000 rpm, 4 °C for 10 min. The super-
natant was discarded and replenished with more DPBS. This
wash was repeated 3-5 more times until the supernatant was
visibly clear. The RBCs were resuspended to 8 mL with DPBS.
The cells were counted using a hemacytometer and diluted to
2.0 x 107 cells per mL. 250 pL of diluted RBCs were added to
clear lo bind Eppendorf tubes followed by the addition of
750 pL of sample. PEG,ggo dithiol, poly(PDSMA-co-TrMA),
glucagon-SH, and glucagon nanogel at concentrations 5-50 pM
were tested (n = 3). Concentrations were based on glucagon-SH.
50 mM DPBS was used as the negative control and 20% Triton
X-100 in DPBS was used as the positive control. The samples
were incubated at 37 °C for 1 h. Then, the samples were centri-
fuged at 3000 rpm, 4 °C, for 10 min. 100 pL of supernatant of
each sample were aliquoted in a 96-well plate. The absorbance
was measured at 540 nm. To determine the hemolysis percen-
tage, we used the following equation: % hemolysis = 100(4 —
Ao)/(Arx — Ao) where A is the absorbance reading of the sample,
A, is the negative hemolysis control, and Arx is the positive
hemolysis control.

Viscosity measurements

The empty nanogel and glucagon nanogel were prepared as
mentioned above and then loaded into a Rheosense syringe.
Air bubbles were carefully removed from the syringe. Syringe
was loaded into the viscometer and allowed to equilibrate at
the measurement temperature for 20 min.

Statistical analysis

All experimental values are reported as the mean + SD. Graph
Pad Prism 8 software was used for statistical analyses. One-way
analysis of variance (ANOVA) followed by Turkey’s multiple
comparison test was employed to compare the means and
determine the significance. Statistical significance is denoted
by p < 0.05 (¥), p < 0.01 (**), p < 0.001 (**¥), p < 0.0001 (****),

Results and discussion
Optimization of glucagon nanogel synthesis

TrMA and PDSMA were copolymerized using free radical
polymerization with a feed ratio of 1:1 to yield poly(PDSMA-
co-TrMA) with a molecular weight of 9.8 kDa and b of 1.9
(*H NMR Fig. S5,7 GPC Fig. S61).>° We first wanted to under-
stand the time course of the disulfide exchange between gluca-
gon-SH and the PDS group of poly(PDSMA-co-TrMA) using the
cysteine installed glucagon-SH. We monitored the kinetics via
HPLC (Fig. S71). A solution of poly(PDSMA-co-TrMA) and glu-
cagon-SH in 10 mM HCI were mixed at 4 °C to observe 50%
conjugation within 15 minutes and 82% conjugation after
3 h, reaching a plateau. Release of glucagon-SH was confirmed
by HPLC, SDS-PAGE, and LC-MS by comparing the purified
glucagon nanogel peak to the reduced nanogel peak (Fig. S8-
S101).
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A nanoparticle <200 nm was targeted for optimal release of
glucagon, clearance, and circulation.**®" Glucagon nanogel
synthesis was first attempted through crosslinking with 10, 20,
30, 40, and 50% PEG,ggo dithiol (by PDS group) followed by
the covalent attachment of glucagon-SH (to the remaining
PDS groups) in 1:1 50 mM DPBS pH 7.4 : 10 mM HCI and pur-
ified by microdialysis using a 20 kDa MWCO filter against
50 mM DPBS pH 7.4 (Fig. S11}). Crosslinking percentages of
10-50% yielded nanogels with sizes >200 nm, with increasing
crosslinking percentages yielding smaller nanogel sizes. We
hypothesize this was due to the glucagon conjugation to the
outside of the nanoparticle; the glucagon could aggregate,
causing an increase in nanoparticle size. Although the 50%
crosslinking yielded nanogels of 640 nm, we used this percen-
tage in subsequent optimization to synthesize nanogels with
50% glucagon loading (half of the pyridyl disulfide groups).
Using a 50% crosslinking, nanogel formation was next
attempted with simultaneous glucagon-SH conjugation by
mixing both PEGygg0 dithiol and glucagon-SH in 1:1 50 mM
DPBS pH 7.4:10 mM HCI and purified by microdialysis using
a 20 kba MWCO filter against 50 mM DPBS pH 7.4 (Fig. S127).
This yielded a uniform glucagon nanogel of 360 nm, which led
us to believe a smaller size could be achieved by attaching the
glucagon-SH first and then crosslinking. To prevent the gluca-
gon from aggregating in solution, the reaction solvent was
changed to HCI to ensure any free glucagon in solution would
remain soluble throughout purification. Glucagon-SH was
then conjugated to poly(PDSMA-co-TrMA) followed by the
crosslinking with varying PEG dithiol sizes (600, 1000, and
2000 Da) yielding nanogel sizes of 3190, 310, 150 nm, respect-
ively (Fig. S13-515%). As the crosslinker length increased, the
nanogel size decreased. This could be due to the ability of the
larger PEG to better encapsulate the glucagon attached to the
trehalose polymer. Thus, PEG,q, dithiol was used as the cross-
linker going forward, with adding the glucagon first to mini-
mize aggregation.

With glucagon nanoparticles of 150 nm, the nanogel stabi-
lity and uniformity to lyophilization was investigated.
Lyophilization removes water through sublimation of ice
under high vacuum, which has been known to offer a longer
shelf-life and ease of transportation of many pharmaceutical
products.’>* DLS and TEM images show the uniformity of
the nanogels after lyophilization, reconstituted in 50 mM
DPBS pH 7.4, with sizes comparable to the non-lyophilized
solution form (Fig. S16 and S177). Although the lyophilization
of the glucagon nanogel could offer additional stabilizing pro-
perties, for the scope of this paper we aimed to focus on the
solution-based formulation. Formulating the nanogel to be
stored in solution removes the reconstitution step for a patient
or caregiver during an emergency hypoglycemic event. We see
this as clinically advantageous. The optimized nanogel syn-
thesis using a 50% glucagon-SH conjugation followed by
crosslinking with 50% PEG,q, in HCl, buffer exchanged to
DPBS pH 7.4 was moved forward for the short- and long-term
stability experiments (Fig. 1). The glucagon nanogels were
stored at —20 °C, 4 °C, 25 °C, and 37 °C to mimic cold chain

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Glucagon nanogel formation begins with the covalent attachment of glucagon—SH to poly(PDSMA-co-TrMA), followed by crosslinking with
PEG,000 dithiol. In the presence of glutathione, glucagon—SH was released as well as PEG;q00 dithiol and trehalose methacrylate polymer.

transport, refrigeration, room temperature, and body tempera-
ture. The nanogel uniformity was assessed using DLS and
TEM, while the glucagon stability was assessed using HPLC to
monitor degradation and ThT to monitor fibrillation.

Characterization of glucagon nanogel size

The size and uniformity of the glucagon nanogel was moni-
tored over 5 months at —20 °C and 4 °C, 5 days at 25 °C, and
12 h at 37 °C using DLS and TEM (Fig. 2). At day 0, the gluca-
gon nanogels Z-average (d nm) was 150 by DLS. The glucagon
nanogels at —20 °C and 4 °C underwent a small shift in size
after day 0 but did not exhibit significant changes in size and
uniformity by DLS and TEM (Fig. 2A-D) over time and there-
fore were deemed stable in size up to 5 months, which was the
longest time tested. We attempted to obtain TEM images with
more particles in the frame by concentrating the nanogels,
however, this caused the nanogels to aggregate. A wider frame
of the nanogels at their final time point shows uniformity in
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size distribution of the nanogels at —20 °C and 4 °C
(Fig. S18%). The glucagon nanogel stored at 25 °C exhibited an
increased shift of approximately 100 nm after 1 day by DLS,
however, after 5 days the glucagon nanogels remained of
similar size by both DLS and TEM (Fig. 2E and F). After 12 h at
37 °C, the glucagon nanogels size began shifting dramatically
with a large size distribution by DLS (Fig. 2G). However, by
TEM, an increase in size was not observed. In a wider frame by
TEM, some potential fibrils can be seen after 5 days at 25 °C
and after 12 h at 37 °C (Fig. S187). The discrepancy is likely
due to DLS intensity putting an emphasis on larger particle
sizes.>® It has been observed that nanoparticles increase in
size at increased temperatures due to aggregation.’®>®
However, trehalose polymers have been shown to prevent this
aggregation.” Therefore, the glucagon either internally or near
the surface could be causing the aggregation observed at
37 °C. The glucagon nanogels at —20 °C and 4 °C can be
studied past 5 months to evaluate additional time points;
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Fig. 2 Glucagon nanogels (1 mg mL™) were analyzed by DLS after being stored at (A) —20 °C, (C) 4 °C, (E) 25 °C, and (G) 37 °C for the indicated
times. TEM images were taken at the final time point after storage at (B) —20 °C for 5 months, (D) 4 °C for 5 months, (F) 25 °C for 5 days, and (H)
37 °C for 12 hours. DLS intensity was measured at 25 °C. TEM images were taken using a 2% uranyl acetate negative stain.

© 2024 The Author(s). Published by the Royal Society of Chemistry

RSC Appl. Polym., 2024, 2, 473-482 | 477


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3lp00226h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 13 March 2024. Downloaded on 3/16/2026 7:06:01 PM.

(cc)

Paper

however, the glucagon nanogels formulation at 25 °C and
37 °C will likely need be reformulated before evaluating at
longer time points. A larger PEG dithiol crosslinker could
potentially be employed to create smaller nanoparticles and
improve the stability at higher temperatures, glucagon loading
could be lowered, or the trehalose polymer size or trehalose
content could be increased. These studies are planned for the
future.

Degradation and fibrillation of glucagon

The degradation and fibrillation of the glucagon in the opti-
mized glucagon nanogel formulation was also monitored over
5 months at —20 °C and 4 °C, 5 days at 25 °C, and 12 h at
37 °C using HPLC and ThT assay. A quantitative assessment of
glucagon-SH degradation was made by integrating the AUC of
the glucagon nanogel after reducing with TCEP, for simplicity,
compared to free glucagon-SH at the same temperature and
time point. After 2 months at —20 °C, the free glucagon began
to degrade significantly more than glucagon in the nanogel
(Fig. 3A). After only 1 month at 4 °C, the free glucagon began
to degrade significantly more than glucagon nanogel (Fig. 3B).
In contrast, the glucagon released from the glucagon nanogel
at —20 °C and 4 °C remained above 95% up to 5 months. After
3 days at 25 °C, the free glucagon began to degrade signifi-
cantly more than glucagon nanogel; however, the glucagon
from the nanogel was 63% intact after 3 days (Fig. 3C). After
4 h at 37 °C, the free glucagon began to degrade significantly
more than glucagon nanogel; however, the glucagon from the
nanogel was also degrading after 4 h (Fig. 3D). Glucagon is
known to form fibrils in acidic and alkaline pH solutions
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Fig. 3 Glucagon-SH degradation was assessed by integrating the AUC
of the released glucagon—-SH using HPLC for glucagon nanogels stored
at (A) =20 °C, (B) 4 °C, (C) 25 °C, and (D) 37 °C at various time points.
Normalization was done by comparing all samples against t,. Statistical
significance was determined by comparing the glucagon—-SH released
from nanogel to the glucagon—SH control at the respective time and
storage temperatures. Statistical significance was determined via a one-
way ANOVA with multiple comparisons (p = 0.1 (ns), p < 0.01 (**), p <
0.001 (***), p < 0.0001 (****)) (n = 6).
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within hours at 25 °C.*° Glucagon fibrillation can be assessed
qualitatively by measuring the fluorescence with ThT, a fluo-
rescence dye that is known to bind to amyloid fibrils in vitro
and can be used to monitor the formation of fibrils in a
96-well plate.®®® Since the ThT fluorescence is dependent on
both acidic and basic pH, inducing a significant decrease in
ThT absorbance, a soluble solution of glucagon-SH at either
acidic or basic pH was not suitable to be used as a positive
control.®* Thus, bovine serum albumin (BSA) fibrils was used
as a positive control through induced fibrillation by heating to
80 °C before incubating with ThT, since in this case neutral
pH was utilized.”® Both the glucagon released as described
above from the nanogels stored at —20 °C and 4 °C exhibited
no statistically significant increase in fluorescence over the
5 months of monitoring, indicating no fibril formation
(Fig. 4A and B). However, after 5 days at 25 °C, the glucagon
nanogels exhibited a significant increase in fluorescence com-
pared to the control and day 0, indicating fibril formation
(Fig. 4C). Additionally, after 12 h at 37 °C, the glucagon nano-
gels exhibited a statistically significant increase in fluorescence
compared to the control and day 0, indicating fibril formation
(Fig. 4D). We hypothesize that glucagon started forming small
molecular weight aggregates that were not detectable by the
ThT assays at 3 days at 25 °C, and by day 5 detectable fibrils
had begun to form. Likewise, after 4 h at 37 °C less glucagon
was observed by HPLC and by 12 h fibrils were observed. It is
also possible that some of the glucagon degrades and there-
fore it not detected at earlier time points. From these studies,
it can be concluded that improved glucagon stability against
degradation and fibrillation was observed at all temperatures

) - ®) .
= 5x106— = 5x106—
;L 4x10°] ~;i4x1n°— l
@ 3x1058- Z 3x106 -
- 6 —
% 2x10! % 2x10f
@ 1x10° @ 1%10°
o 3
2 4
] S
2 3
™ 0- [ 0-
Control0 1 2 3 4 5 Control0 1 2 3 4 5
Month Month
(C) Fokkok (D) Hokkok
g 5x10° 3 5x10°
8 4x105 S 4x10°
§. l é, 3’(105_ Fkkk
@ 3x10° - Aok ] < .
§ 2x10°T § 23087
= ]
8 8
S 1x10°- G 1x10°
o o
2 2
] ]
=2 2
i -1 [ 0-
Control0 1 2 3 4 5 Control 0 4 8 12

Day Hour

Fig. 4 Glucagon-SH fibrillation was assessed by measuring the ThT
fluorescence of glucagon nanogels stored at (A) —20 °C, (B) 4 °C, (C)
25 °C, and (D) 37 °C at various time points. Statistical significance was
determined by comparing each sample to ty at the respective time and
storage temperatures. Unless annotated, there is no statistical signifi-
cance between t, and other time points. Statistical significance was
determined via a one-way ANOVA with multiple comparisons (****p <
0.0001.) (n = 6).
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studied. The glucagon nanogels at —20 °C and 4 °C exhibited
no significant degradation or fibrillation up to 5 months and
are promising for further studied to increase cold chain stabi-
lity of glucagon.

Nanogel stability in cell media conditions

Glucagon nanogel stability was assessed in cell media con-
ditions before beginning in vitro experiments.®” The glucagon
nanogels were incubated with 10% FBS and stored at 4 °C,
25 °C, and 37 °C and analyzed by DLS. DLS measurements
were taken up to 3 days for the glucagon nanogels stored at
4 °C and 25 °C and 12 h for the glucagon nanogel at 37 °C.
The glucagon nanogels did not exhibit any significant change
in size at any of the temperatures and time points (Fig. 5).
Additionally, the glucagon nanogel remained uniform up until
12 h at 37 °C with 10% FBS, which differs from its DLS size
measurement in (Fig. 5C vs. Fig. 2G). It is possible the proteins
and other components in FBS helped to stabilize the aggrega-
tion of the nanogels at 37 °C.**

In vitro biocompatibility

The in vitro biocompatibility of the empty nanogel and gluca-
gon nanogels (freshly prepared, 4 °C for 3 months, and —20 °C
for 3 months) were evaluated for 24 h in mouse embryonic
fibroblasts, NIH 3T3, by performing the colorimetric MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium
bromide) assay. The in vitro biocompatibility was evaluated at
24 h at increasing concentrations of nanogel 10-1000 pg mL ™",
The cell viability exposed to empty nanogel and glucagon
nanogels were not statistically different from the control except
for glucagon nanogels stored for 4 °C for 3 months at 1 mg
mL™", and —20 °C for 3 months at greater than 0.5 mg mL™"
after 24 h, indicating good in vitro biocompatibility of the
material (Fig. 6).

Further, a live/dead assay was used to evaluate the biocom-
patibility of empty nanogel and freshly prepared glucagon
nanogel qualitatively for 24 h (Fig. 7). The calcein AM stains
the live cells green and ethidium homodimer-1 stains the dead
cells red. The green fluorescence and very minimal red fluo-
rescence indicate the empty nanogel and glucagon nanogel are
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Fig. 6 In vitro biocompatibility was evaluated after 24 h in mouse
embryonic fibroblasts, NIH3T3 by performing the colorimetric MTT
assay. Data are represented as mean + SEM (n = 3). Statistical signifi-
cance was determined via a one-way ANOVA with multiple comparisons
p <0.05 (*).

biocompatible at 10, 100, 500, and 1000 pg mL™" (Fig. 7 and
Fig. S197).

In vitro efficacy

The in vitro efficacy of the glucagon nanogel was evaluated by
comparing the levels of lactate produced when treated with
empty nanogel, glucagon-SH and glucagon nanogel. Glucagon
is known to promote the conversion of glycogen to glucose in
the liver, producing lactate as a by-product of glycogenolysis
(breakdown of the glucose).*® Herein, a liver cell model,
HepG2 cells were starved with media containing low glucose,
resembling hypoglycemic conditions.® After starvation, media
was replaced containing normal levels of glucose along with
empty nanogel, glucagon-SH and glucagon nanogel. The
levels of lactate was measured at different time points from
2-72 h using bioluminescence (Fig. 8). The results show that
cells treated with glucagon-SH and glucagon nanogel produce
significantly higher levels of lactate than the control and
empty nanogel. Further, a color change of the cell culture
media was observed (phenol red to golden yellow) in samples
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Fig. 5 Glucagon nanogels were treated with 10% FBS and visualized by DLS for the respective storage temperatures (A) 4 °C, (B) 25 °C, (C) 37 °C at

various time points. DLS intensity was measured at 25 °C.
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Fig. 7 In vitro biocompatibility was evaluated after 24 hours in mouse
embryonic fibroblasts, NIH 3T3 by performing a live/dead assay using
calcein AM and ethidium homodimer. The cells exposed to the empty
nanogel and glucagon nanogel were imaged using a bright field and flu-
orescent microscope (scale bar: 100 ym).
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Fig. 8 In vitro efficacy evaluated in a liver cell line model, HepG2 by

comparing the levels of lactate produced from 2-72 h by observing bio-
luminescence. Statistical significance was determined via a one-way
ANOVA with multiple comparisons (p = 0.1 (ns), p < 0.05 (*), p < 0.01 (**),
p < 0.001 (***), p < 0.0001 (****)) (n = 3).

treated with native glucagon, glucagon-SH, and glucagon
nanogel when compared to the control (Fig. S201). The color
change is due to the production of the lactate, an acidic bio-
product of glycogenolysis. These cell studies indicate the
activity of the glucagon-SH both free and conjugated to the
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Fig. 9 Hemocompatibility of the glucagon nanogel and its components
were assessed in sheep RBCs. Data are represented as mean + SEM (n =
3).

nanogel, confirming our hypothesis that the modified gluca-
gon is active as native glucagon.

Hemocompatibility

The toxicity of the glucagon nanogels and its components to
cells were assessed by measuring the destruction of red blood
cells (RBCs). The concentrations of 200-500 pg active ingredi-
ent (glucagon) tested were chosen to mimick future and past
in vivo experiments.>® Using sheep RBCs, the glucagon nano-
gels, PEG, dithiol, poly(PDSMA-co-TrMA), and glucagon-SH
all showed <3% hemolysis, indicating the samples are not dis-
rupting the cells (Fig. 9). This is also understood qualitatively
by observing a clear supernatant for the samples tested
(Fig. S211). The results show that the nanoparticles, loaded or
empty, are non-hemolytic.

Viscosity

For the emergency delivery of glucagon, a subcutaneous (SC)
route is typically used.”” When considering SC injectable
therapeutics, one factor to consider is the viscosity of the
solution.®®"®” The viscosity of formulations that can be SC
injected within 10 seconds into humans without pain toler-
ance concerns is up to 15-20 centipoise (cp).®” At a concen-
tration of 1 mg mL™" active ingredient (glucagon), the viscos-
ities of the empty and loaded nanogel were measured. At 25 °C
with a shear rate of 5000 s, viscosity of the empty nanogel
was 1.38 + 0.19 cp and the glucagon nanogel was 1.31 + 0.06
cp, well below 15-20 cp. These results suggest that viscosities
of the nanogels are acceptable for subcutaneous injection of
the nanogel formulation into humans.®”

Conclusions

In conclusion, we prepared and evaluated a uniform nanogel
formulation that solubilized glucagon in aqueous solution at
pH 7.4 for long term stabilization at —20 °C and 4 °C. The
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system was optimized by varying the crosslinker size, cross-
linking percentage, and order of addition of the components
to yield uniform glucagon loaded nanogels of ~150 nm in size.
The glucagon nanogels were shown to be biocompatible and
efficacious in vitro by comprehensive study of hemolysis, col-
orimetric MTT assay, live/dead assay, and lactate assay.
Additionally, this formulation exhibited viscosity suitable for
subcutaneous delivery in humans, meaning that the viscosity
was much lower than would cause pain tolerance concerns.
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