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An Engineered Nanosugar Enables Rapid and Sustained
Glucose-Responsive Insulin Delivery in Diabetic Mice

Rong Xu, Sukhvir Kaur Bhangu, Karly C. Sourris, Domitilla Vanni, Marc-Antoine Sani,
John A. Karas, Karen Alt, Be’eri Niego, Anukreity Ale, Quinn A. Besford, Brendan Dyett,
Joshua Patrick, Irena Carmichael, Jonathan E. Shaw, Frank Caruso, Mark E. Cooper,

Christoph E. Hagemeyer,* and Francesca Cavalieri*

Glucose-responsive insulin-delivery platforms that are sensitive to dynamic
glucose concentration fluctuations and provide both rapid and prolonged
insulin release have great potential to control hyperglycemia and avoid hypo-
glycemia diabetes. Here, biodegradable and charge-switchable phytoglycogen
nanoparticles capable of glucose-stimulated insulin release are engineered.
The nanoparticles are “nanosugars” bearing glucose-sensitive phenylboronic
acid groups and amine moieties that allow effective complexation with insulin
(=95% loading capacity) to form nanocomplexes. A single subcutaneous
injection of nanocomplexes shows a rapid and efficient response to a glucose
challenge in two distinct diabetic mouse models, resulting in optimal blood
glucose levels (below 200 mg dL~") for up to 13 h. The morphology of the
nanocomplexes is found to be key to controlling rapid and extended glucose-
regulated insulin delivery in vivo. These studies reveal that the injected
nanocomplexes enabled efficient insulin release in the mouse, with optimal

1. Introduction

Diabetes mellitus (type 1 and type 2) is a
group of metabolic disorders associated
with persistent hyperglycemia (high blood
glucose levels) that currently affects more
than 463 million people worldwide and an
estimated 700 million people by 2045.1
Frequent subcutaneous (SC) adminis-
tration of exogenous insulin formula-
tions (rapid, short, intermediate, or long
acting)?®? combined with blood glucose
level monitoring by finger-prick tests or
in-arm continuous blood glucose moni-
toring sensors remain the main strategy
for blood glucose management and treat-
ment of type 1 diabetes as well as some

bioavailability, pharmacokinetics, and safety profiles. These results highlight
a promising strategy for the development of a glucose-responsive insulin
delivery system based on a natural and biodegradable nanosugar.

type 2 diabetes. However, SC administra-
tion of insulin is often associated with
hypoglycemia, which can be life threat-
ening, and leads to glucose fluctuations
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and other adherence issues.’l To improve diabetes therapy, a
glucose-responsive insulin delivery system that can act as an
insulin reservoir, after a single daily SC injection, would be
desirable. Such a system will rapidly deploy insulin to coun-
teract spikes in blood glucose levels and ensure a sustained
release of insulin to maintain extended normoglycemia. In
addition, the ideal insulin delivery system would display
sufficient insulin-loading capacity, colloidal stability for storage
and administration together with a long shelf life and cost
effectiveness. A simple, reproducible, and scalable manufac-
turing process as well as biodegradability with limited toxicity
and immunogenicity are also highly desirable.

To date, formulations that dynamically regulate insulin
release in response to blood glucose are not clinically avail-
able. Various glucose-responsive materials for insulin delivery
have been preclinically investigated for the controlled delivery
of insulin in diabetic animal models, including glucose oxidase
enzyme (GOx) based hydrogels,” GOx loaded nanoparticles
(NPs),[) or concanavalin A (ConA) based microparticles,”! and
phenyl boronic acid (PBA)-based microspheres,!®l complexes,”!
liposomes,!"¥l microneedles,™ cells!™?l and insulin analogues.!"’!
Among other glucose-responsive materials that have been
investigated, a glucose-responsive, charge-switchable complex
based on nonbiodegradable cationic boronated polyacryla-
mide™ and water-insoluble micrometer-sized poly-1-lysine
(PLL)™! has been validated, displaying robust glucose-triggered
insulin release in diabetic pig and mouse models. However,
those systems face long-term biocompatibility issues due to the
nonbiodegradable acrylic polymer chains and variability in the
insulin release profile that is affected by rapid and uncontrolled
aggregation of the PLL-boronate—insulin mixture. Notably,
variability in the effect of SC absorption of insulin can give
rise to an unpredictable therapeutic response, resulting in
inadequate glycemic control or increased risk of hypogly-
caemia.l'®! Glucose-responsive nanocomplexes (NCs) in the
form of a stable colloidal dispersion may potentially enable
better control of the insulin release profile. As a possible can-
didate, glycogen, a natural nanosugar (also referred to as a
polysaccharide NP), displays inherent biocompatibility, surface
hydrophilicity, and structural flexibility, and can be chemically
modified with relative ease.["]

Here, we present a glucose-responsive NP system based on
a nanosugar sourced from sweet corn, also known as phyto-
glycogen (PG). Charge-switchable PG NPs (hereafter referred
to as PGgpa.rppa NPs) were synthesized with chemical derivati-
zation with ethylenediamine (EDA) and 4-Carboxy-3-fluorophe-
nylboronic acid (FPBA) to enable effective complexation with
insulin forming nanocomplexes (Ins-PGgpa.ppga NCs). These
NCs demonstrated a rapid and sustained glucose-responsive
release of insulin in a therapeutically relevant dose and time
scale. Imaging by stochastic optical reconstruction microscopy
(STORM) revealed that the morphologies of Ins-PGgparppa
NCs are pivotal in controlling the rapid and extended glucose-reg-
ulated insulin delivery. Direct evidence in spontaneously Akita
and streptozotocin (STZ) chemically induced type 1 diabetic
mouse models showed that a single SC administration of Ins-
PGgpa.rpea NCs displayed pronounced glucose-responsiveness
invivo. Finally, the fate and biocompatibility of the Ins-PGgpa.pppa
NCs were evaluated in these diabetic mouse models.

Adv. Mater. 2023, 2210392 2210392 (2 of 15)

www.advmat.de

2. Results and Discussion

2.1. Engineering Charge-Switchable Nanosugars for
Glucose-Responsive Insulin Delivery

PG is a highly branched polysaccharide NP derived from sweet
corn with a dendrimer-like molecular structure (Figure 1a)
composed of repeating units of glucose connected by linear
o-D-(1-4) glycosidic linkages with o+D-(1-6) branching. The
PG NP displayed a multilobular morphology, as shown by the
cryo-transmission electron microscopy (cryo-TEM) images
(Figure Sla, Supporting Information), a hydrodynamic diameter
of =80 £ 30 nm (Figure S1b,c, Supporting Information) and a
{-potential of -5 + 2 mV (Figure S1d, Supporting Information),
as determined by dynamic light scattering (DLS) and electro-
phoretic mobility measurements, respectively. The PG NPs
were endowed with a positive surface charge and glucose sensi-
tive moieties upon chemical derivatization with EDA and FPBA
groups in aqueous solvents (Figure S2, Supporting Informa-
tion) to obtain PGgpy NPs and PGgpappga NPs respectively.
Briefly, in the PG chains there are two hydroxyl groups per gly-
coside unit in equatorial positions 2 and 3 that can be oxidized
to form two aldehyde groups with cleavage of the C2—-C3 bond
(Figure S2, step 1, Supporting Information) by sodium perio-
date, as the oxidizing agent. Next, the obtained aldehyde groups
react with EDA at pH 5.5 to form the imines (Schiff bases) that
are readily and selectively reduced by sodium cyanoborohy-
dride as reducing agent (Figure S2, step 2 and 3, Supporting
Information). The oxidation of glucoside units (step 1) on PG
NPs by sodium periodate is quantitative,'® Therefore, the oxi-
dation of 20% units results in the formation of 40% aldehyde
groups. However, the conversion of aldehydes to imine and
amine groups (step 2 and 3) is less efficient and therefore some
aldehyde groups can be reduced to alcohol groups during the
reduction reaction. To give an insight into the chemical struc-
ture of PGgpy NPs and the mechanism of reaction, 'H and
!H-1C HSQC and C solid-state nuclear magnetic resonance
(NMR) analysis were performed. The degree of substitution
(percentage by moles of glycoside units of glycogen effectively
modified) of the PG NPs by EDA was =19%, as determined by
'H NMR spectroscopy (Figure S3, Supporting Information) and
deconvolution of EDA peaks in the range 2.7-3 ppm. (Figure S4,
Supporting Information). As no evidence of unreacted alde-
hydes was observed by NMR in the range of 10 ppm, these
results suggest that 21% aldehydes are ultimately reduced to
hydroxyl groups. Therefore, the functionalized glycoside units
in the obtained PGgpy NPs can bear either one or two EDA
moieties, as shown in Figure S2 (Supporting Information).
Interestingly, the degree of substitution of the PG NPs by
EDA of =19% was also confirmed by the analysis of *C solid
state NMR spectra (Figure S5, Supporting Information). It is
worth noting that PGgp, is a highly branched dendrimer-like
nanoparticle with a high molecular weight of 18 MDa.l"] Inside
the nanoparticle, the rigid inner chains may be unobservable
by high-resolution NMR in solution because of the slower tum-
bling of protons, which results in the broadening of peaks. In
contrast, 3C solid-state NMR spectrum enables probing the
chemical modification of PG NPs both in the outer and inner
chains. The comparison of the results obtained by the liquid
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Figure 1. Charge-switchable nanosugars for glucose-responsive insulin release. a) Schematic showing the complexation of positively charged
PGepa.rrea NPs with negatively charged insulin through electrostatic interactions the morphologies of the nanocomplexes (1. and 2.) and the mecha-
nism of release of insulin when PGgpapga NCs are incubated with glucose (3.). b) Glucose-binding ability of PGgparpga NPs. The particles were
incubated in glucose solutions (100 or 400 mg dL™"), and the concentration of glucose in the supernatant was analyzed at different times. c) Schematic
showing the esterification of FPBA groups with glucose at pH 7.4 leading to a reduction of positive charge on PGgpp.rpga NP. d) Comparison of the deg-
radation yield of PG NPs, PGpp NPs, and PGepa.rpea NPs by oramylase. The extent of degradation of the PG-based particles by oramylase as a function
of time was determined using the Somogyi—Nelson assay. e) STORM images of Ins-PGgpa.rpaa NCs obtained at different weight ratios of FITC-insulin/
PGepa.rpea NPs. f) Size distribution of Ins-PGgpa.rpga NCs prepared at FITC-insulin/PGgpa.rpea NP ratio of 1:13. g) Scatter plot of localizations versus
size of Ins-PGgpa.rpea NCs prepared at an insulin-to-PGgpa.rpsa NP weight ratio of 1:13. h) Multicolor STORM images of Ins-PGgpa.rpga NCs, where
insulin was dual labeled with AF488/AF647 and PGgpa.rpga NPs were dual labeled with AF555/AF647. The colocalization signal confirms the efficient
binding of insulin to the PGgpa.rpea NPs. and magnified STORM images of single Ins-PGgpa.rpea NC. i) Efficiency of loading of insulin onto PGgpa.rpga
NPs. j) Changes in {-potential of PGgpa.rpga NPs after complexation with insulin at different ratios. k) Size distribution of Ins-PGgpa.rpga NCs deter-
mined by DLS with and without the addition of glucose (400 mg dL™"). The error bars represent the mean + standard deviation (SD) (n =3 per group).
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and solid NMR analysis indicates that the branched polysaccha-
ride chains of PGgp, NPs are not stiff and the high-resolution
NMR in solution can probe the whole nanoparticles. In prin-
ciple the reductive amination of glucose residues occurs both
on the outer and inner polysaccharide chains of PGgp, NPs.
However, a high positive zeta potential value of 40 mV was
measured on PGgp, NPs (Figure S1d, Supporting Information),
this suggests that the amine groups were introduced primarily
on the outer shell of the nanoparticles to confer a high surface
charge density.

Next activated FPBA in the form of N-hydroxysuccinimide
ester was linked to the primary amine of PGgp, NPs (Figure S6,
Supporting Information). It is worth mentioning that boronic
acids typically bind to cis-1,2- or 1,3-diols to form reversible
five- or six-membered cyclic esters.'”] The glycoside units in
PG NP do not exhibit cis-1,2- or 1,3-diols, hence FPBA does not
have affinity for the polysaccharide chains.

The degrees of substitution of the PG NPs by FPBA was 10%
as determined by NMR (Figure S7, Supporting Information)
and ultraviolet-visible (UV-vis) spectroscopy (Figure S8, Sup-
porting Information). Therefore, the ratio between the primary
amines of EDA and FPBA groups on the modified PGgpa.pppa
NPs was 1.9. The amidation reaction by FPBA groups (pK, 72)
led to a significant reduction of the positive charge density on
PGgpa.rpea NPs from 40 mV (PGgpa NPs) to 25 mV (Figure S1d,
Supporting Information)

The hydrodynamic diameters of PGgpa NPs and PGgpa.pppa
NPs (Figure Slc, Supporting Information) increased by =25%
relative to that of the unmodified PG NPs. TEM images revealed
a significant size shrinkage of the PGgpa.rpga NPs upon drying
to =34 £ 10 nm (Figure S9, Supporting Information), indicating
that the PGgpa.ppga NPs were highly hydrated. The binding of
the PGgpa.rppa NPs to glucose by esterification with the FPBA
moieties was evaluated as a function of time after the addi-
tion of glucose at clinically relevant glucose concentrations of
100 mg dLO' (5.6 mmol L) and 400 mg dI™! (22.2 mmol L)
in phosphate-buffered saline (PBS) pH 74 (Figure 1b). The con-
centration of glucose in the supernatants of the original glu-
cose solutions of 100 and 400 mg dL™! decreased by =50 and
120 mg dL7}, respectively, after 24 h, reflecting the effective
binding of glucose to the PGgpa.ppga NPs.

In agreement with these results, the (-potential of the
PGgpa.rpea NPs decreased from 25 mV in the absence of glucose
to =15 mV after 24 h incubation with 400 mg dL™! glucose at pH
74. The binding of glucose to FPBA groups has been reported to
induce a decrease in the pK, (=6.4) of boronic acid™>-1>2% and
therefore, a shift of the equilibrium toward the boronate form
(Figure 1c). Consequently, the negative charges arising from the
boronate moieties reduced the positive charge density on the
PGgparpea NPs. The biodegradability of the PGgpapppa NPs
by oramylase, which is typically present in plasma, was meas-
ured in vitro. Compared to the unmodified PG NPs (Figure 1d),
PGgparpea NPs exhibited minimal degradation (8-10%) during
incubation with cramylase for 3 h, as determined using the
Somogyi-Nelson amylolytic enzyme activity assay (Figure 1d).
The stability of the PGgpappga NPs against cramylase was
also confirmed by fluorescence correlation spectroscopy (FCS)
and STORM imaging where the diffusion coefficient and cor-
responding radius of the Alexa Fluor (AF) 555 (AF555)-labeled
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PGgpa.rpea NPs showed minimal changes in the presence of
the hydrolytic enzyme (Figure S10a,b, Supporting Information).

However, the PGgpapppa NPs were partially degradable
(40%) when treated for 3 h with B-amylase, mimicking
lysosomal enzymes (Figure S10c, Supporting Information).
This result suggests that upon cellular uptake and intracellular
trafficking, the lysosomal exo-amylases can break down the
PGgpa.rpea NPs. Overall, those results indicate that the engi-
neered PGgpapppa NPs exhibit affinity for glucose under the
relevant blood glucose concentration observed in diabetes
(400 mg dL7Y) and likely maintain their structural integrity in
the extracellular environment when injected in the bloodstream
or subcutaneously.

Next, the electrostatic interactions between the positively
charged PGgpappga NPs and negatively charged insulin (iso-
electric point of 5.3) were exploited to obtain glucose-responsive
Ins-PGgpa.ppga NCs (Figure 1a). As the binding of glucose to
the FPBA moieties causes a decrease in the positive charge
density on the PGgpa.rppa NPs (Figure 1c), we hypothesize that
this condition can weaken the attraction between insulin and the
PGgpa.rpea NPs to stimulate insulin release. To gain a deeper
insight into the morphology of individual NCs at a molecular
level, the complexation process was investigated by single mole-
cules localization microscopy STORM. The Ins-PGgpa.rppa NCs
were prepared using fluorescein isothiocyanate (FITC)-labeled
insulin at different FITC-labeled insulin-to-PGgpappga NPs
weight ratios (1:0, 1:1.5, 1:3.5, 1:10, and 1:13), where the concentra-
tion of insulin was fixed at 1 mg mL.. Naked insulin molecules
(free insulin without association with NPs) or Ins-PGgparppa
NCs were deposited on a glass coverslip for STORM-total
internal reflection fluorescence imaging (Figure le). The list of
localizations was processed using a clustering analysis script
to quantitatively estimate the number of localizations inside
a single NC and the size of the NCs. Notably, the number of
localizations is proportional to the number of insulin mole-
cules. At low ratios (1:1.5, 1:3.5), free insulin molecules were
imaged (Figure le), while with increasing weight ratios up
to 1:13, the free insulin molecules originally visualized in the
background gradually disappeared and only round NCs of
160 + 40 nm in size were detected (Figure 1e,f). This result indi-
cates that all insulin molecules (1 mg) have been incorporated
into PGgparpppa NPs (13 mg). Figure 1g shows that the number
of localizations detected within a single NC obtained at the ratio
of 1:13 increases with the diameter of the NC. A limited number
of localizations, ranging from 15 to 50, were detected on the
small NCs (50-100 nm), whereas heterogeneous clusters of
molecules ranging from 80 to 600 were observed in the larger
NCs (100-300 nm). Hence, STORM imaging analysis allows the
elucidation of the morphologies of the NCs, suggesting that the
insulin molecules can either deposit on the brushed charged
surface of individual Ins-PGgpppppa NCs to form smaller NCs
or remain embedded between multiple Ins-PGgpappga NCs to
form larger NCs (Figure 1a); this is also evident by TEM analysis
(Figure S11, Supporting Information). Multicolor STORM
imaging was employed to verify the colocalization between
insulin molecules and the PGgpappga NPs and confirmed the
efficient loading of insulin molecules onto the PGgpapppa NPs
(Figure 1h). The maximum insulin loading capacity (95%) of the
PGgparpea NPs was calculated by fluorescence analysis of the
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Ins-PGgpa.ppga NCs after spin filtration of the unbound insulin
at increasing PGgpa.pppa NPs-to-insulin weight ratios (Figure 1i
and Figure S12, Supporting Information). The charge of the
Ins-PGgparpga NCs was reduced from 25 to 15 mV at the
insulin-to-PGgpa.pppa NPs weight ratios 1:13. This reduction in
surface charge indicates that complexation is primarily mediated
by electrostatic interactions (Figure 1j) and likely by an increase
in entropy due to the release of counterions and coordinated
water molecules. The increase in size of the PGgparppa
NPs to 160 + 70 upon binding to insulin was also confirmed
by DLS measurements (Figure 1k). NMR spectra of the
Ins-PGgpa.rppa NCs confirmed that insulin was immobilized
(insulin peaks disappear) in the complex by electrostatic inter-
actions with the amine groups (Figure S13, Supporting Infor-
mation). The Ins-PGgpapppa NCs maintained their colloidal
stability and size after storage for 6 months.

2.2. In Vitro and Ex Vivo Glucose-Responsive and
Pulsatile Release of Insulin

The kinetics of insulin release from the glucose-responsive
Ins-PGgpa.rpga NCs (Figure 2a) was investigated in vitro under
normal (100 mg dL™!) and elevated blood glucose (400 mg dL™Y)
concentrations. Ins-PGgpappga NCs loaded with 2 TU insulin
(PGgparppa/ insulin = 13/1) showed rapid insulin release at
elevated glucose levels with =70% of the payload released after
4 h. In contrast, under no glucose (PBS alone) and normal
blood glucose concentration conditions (100 mg dL7Y), only
20% and 30% of the loaded insulin was released, respectively
(Figure 2a). The disassembly of the Ins-PGgpappga NCs
upon glucose incubation was confirmed by a shift in the size
distribution of the NCs (Figure 1k). For comparison, when the
insulin release was monitored under the same experimental
conditions from a non-glucose-responsive NCs, obtained by the
electrostatic association of insulin with PGgps NPs (Ins-PGgpa
NCs), a very slow and glucose-insensitive insulin release was
observed (Figure 2b). In addition, Ins-PGgpa.prpga NCs further
enabled pulsatile insulin release in vitro for up to three cycles
by switching the glucose concentrations between 100 and
400 mg dL! (Figure 2c). Moreover, the released insulin phos-
phorylated AKT (p-AKT) in HepG2 liver cells (Figure 2d), con-
firming its bioactivity in vitro. Cytotoxicity assays on fibroblasts
(3T3) and macrophages, representing the primary cell types
that reside in the SC connective tissues,?!! found no toxicity
following exposure to the PGgpappga NPs for up to 96 h
(Figure S14, Supporting Information). Overall, these results
suggest that the engineered Ins-PGgpa.ppga NCs are non-toxic
and have the potential to rapidly respond to dynamic glucose
changes in vivo in the SC tissue by deploying fully bioactive
insulin.

Ex vivo, insulin release from Ins-PGgpa.pppa NCs incubated
in normal plasma for 2 h was =18% of the total insulin loaded
(Figure 2e), in agreement with the in vitro results (Figure 2a).
However, the percentage of insulin released in “diabetic plasma”
(addition of glucose to normal plasma) after 2 h incubation
was lower than that observed in vitro (25%; Figure 2e vs 55%;
Figure 2a). This suggests that the adsorption of plasma proteins
onto the Ins-PGgparpea NCs (i.€., a protein corona) may hinder
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and slow the release of insulin in vivo. This was confirmed by
insulin release studies from Ins-PGgparppa NCs in the pres-
ence of human serum albumin (Figure S15, Supporting Infor-
mation). Whole blood analysis following SC injection of fluo-
rescently labeled PGgpapppa NPs in Wild-type (WT) C57BL/6
mice demonstrated that most of the PGgpa.pppa NPs were asso-
ciated with the peripheral blood mononuclear cells (PBMCs),
with a fraction of the PGgpa.ppga NPs still visible in the plasma
(Figure 2f,g). The thermal stability of insulin, either “naked”
or embedded into Ins-PGgparppa NCs, was then studied by
monitoring the heat-induced aggregation and changes in the
secondary structure of insulin. The monomeric insulin band
disappeared after incubation for 24 h at 60 °C due to insulin
aggregation, whereas Ins-PGgpapppa NCs preserved insulin in
its active monomeric state (Figure 2h). Furthermore, a change
in the secondary structure was observed by circular dichroism
(CD) analysis for naked insulin after heat treatment for 1 h at
60 °C, whereas the structure of insulin attached to the NCs
(Ins-PGgpa.rpga NCs) remained unchanged (Figure 2i). Thus,
the Ins-PGgpa.rppa NCs formulation could potentially improve
diabetes care in resource-poor settings where there is a reduced
capacity to avoid insulin exposure to high temperatures.[??!

2.3. In Vivo Blood Glucose Regulation in
Two Distinct Diabetic Mouse Models

To evaluate the therapeutic properties of Ins-PGgpa.rpga NCs in
vivo, we employed two distinct insulin-deficient mouse models:
(1) the spontaneously type 1 diabetic Akita mouse model
(C57BL/6-Ins2-Akita/]), in which a mutation in the proinsulin
gene causes insulin misfolding and beta cell degeneration,??’]
and (2) the widely used streptozotocin (STZ)-induced diabetic
mouse model. M Akita mice and STZ-induced diabetic mice
were randomly grouped and subcutaneously injected with either
Ins-PGgparpea NCs (insulin dose 80 1U kg™!) or naked insulin
(16 1U kg™Y) as appropriate control. Both naked insulin and
Ins-PGgpa.pppa NCs triggered a rapid decrease of the elevated
blood glucose level (BGL) (500-600 mg dL™) in the treated dia-
betic mice (both Akita and STZ-induced diabetic mice) to reach
normoglycemia (<200 mg dL™)) within 30-40 min (Figure 3a
and 4a). These results indicate that the injected Ins-PGgpa.pppa
NCs can rapidly sense and reduce the high concentration
of interstitial glucose in these diabetic mice, as the NCs can
promptly deploy bioactive insulin in the SC injection site that
directly enters the blood stream. When PGgpa.ppga NPs (without
loaded insulin) were injected as a control, a slight decrease
in BGL was induced in the diabetic Akita mice (Figure 3a),
possibly a result of glucose binding to the boronate moieties
(Figure 1b). Ins-PGgpa.ppga NCs maintained normoglycemia for
13.5 h, whereas naked insulin maintained the blood glucose at
a normal level for 3 h only in both the Akita and STZ-induced
diabetic mice (Figure 3b and 4b). Additionally, plasma insulin
analysis by enzyme-linked immunosorbent assay (ELISA)
revealed a rapid insulin release, with a peak plasma insulin
level of =700 and 950 wU mL'in 1 h post- Ins-PGgpappga NCs
administration to the Akita and STZ-induced diabetic mice,
respectively (Figure 3c and 4c); this result is consistent and
correlated with the rapid decrease in BGL observed in those
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Figure 2. Characterization of glucose-dependent insulin release of nanosugars. a) Release kinetics of insulin from Ins-PGgpp.rpga NCs in PBS and at
different glucose concentrations. b) Release kinetics of insulin from Ins-PGgpa NCs in PBS and at different glucose concentrations. The complexes
were prepared in 10 mm PBS at pH 6.5 and FITC-labeled insulin was used. c) Pulse insulin release from Ins-PGgpa rpga NCs by alternate addition of
glucose at 100 and 400 mg dL™". The complex was incubated in each solution for 5 min. d) Western blot analysis of p-AKT in starved HepG2 cells
after 15 min of exposure to vehicle (Milli-Q water), free insulin, PGgpa.rpga NPs, or Ins-PGepa.rpga NCs. The concentration of insulin was the same
across all groups (100 nm). Pan-AKT was used as the loading control and the ratio of p-AKT over total AKT was quantified. Data are expressed as
mean + standard error of the mean and consist of three replicates. * p < 0.05, ns denotes p > 0.05. e) Quantification of blood insulin in human normal
and diabetic PPP via ELISA. Percentage of insulin released from Ins-PGgpp.rpga NCs in normal and diabetic PPP (ex vivo) measured over 2 h. f) Distri-

bution of PGepa.ppeacys.s NPs in blood cells and plasma post SCinjection in C57BL/6 mice. g) Distribution of PGepa.rpga.cys.s NPs in PBMCs, red blood
cells (RBCs), and plasma post SC injection in C57BL/6 mice. h) Western blot analysis of insulin stability in insulin and Ins-PGgpa.rpga NCs groups at
room temperature (RT) and 60 °C for 24 h. i) CD analysis of changes in the structure of insulin in insulin and Ins-PGgpa.rpga NCs groups at RT and
60 °C for 1 h. The error bars represent the mean £ SD (n =3 per group).

diabetic mice (Figure 3a and 4a). Subsequently, the plasma
insulin level decreased considerably to 39 uU mL™! within 4 h
in the Akita diabetic mice due to the pharmacological elimina-
tion of insulin. A sustained insulin release was observed for
up to 13 h when Ins-PGgpappga NCs were injected in both the
Akita and STZ-induced diabetic mice. In contrast, both Akita
and STZ-induced mice treated with naked insulin showed a

Adv. Mater. 2023, 2210392 2210392 (6 of 15)

spike in plasma insulin level at 1 h after injection (1500 and
1600 wU mL7Y, respectively), followed by a steep fall to undetect-
able levels of insulin within 4 h (Figure 3c and 4c). To further
verify the in vivo efficacy of Ins-PGgpapppa NCs in responding
to a glucose challenge mimicking a meal, we performed an
intraperitoneal glucose tolerance test (IPGTT, 1.5 g kg™" glucose)
in both the Akita and STZ-induced diabetic mice 4 h after
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Figure 3. In vivo evaluation of Ins-PGgppa.rpga NCs injection in an Akita spontaneous type 1 diabetic mouse model. a) Blood glucose level (BGL) in Akita
type 1diabetic mice after treatment with naked insulin (insulin dose 16 IU kg™, n = 5), Ins-PGgpa.rpga NCs (insulin dose 80 IU kg™, n=5), or PGepareea
NPs (36 mg kg™', n=1). Data are mean £ SD. b) Duration of normoglycemic conditions maintained in Akita diabetic mice treated with subcutaneously
injected naked insulin or Ins-PGgpappsa NCs (insulin dose 80 IU kg™") (n = 5). c) Concentration of plasma insulin (quantified by insulin ELISA kit) in
Akita diabetic mice treated with naked insulin (insulin dose 16 IU kg™', n = 3) or Ins-PGgpa.rpea NCs (insulin dose 80 IU kg™, n = 3). Inset: magnified
view of data at 14 h post-treatment. p < 0.01. d) IPGTT results of Akita diabetic mice at 4 h after treatment with Ins-PGgpa.rpga NCs (insulin 80 IU kg™
or naked insulin (insulin dose 16 IU kg™"). The glucose dose was set to 1.5 g kg™"; n = 3-4. e) AUC of IPGTT response at 120 min, with the baseline set
at the 0—min blood glucose reading (n = 3—4). f) In vivo glucose-responsive insulin release triggered by intraperitoneal glucose injection at 4th h after
treatment with naked insulin (insulin dose 16 1U kg™") or Ins-PGgparpga NCs (insulin dose 80 IU kg™), as quantified using an insulin ELISA kit; the
glucose dose was set to 1.5 g kg™ (n = 3—4). All statistical analyses were performed by ANOVA with a Tukey post hoc test or Student’s t-test. *p < 0.05,

**p < 0.01, ***p < 0.001. The error bars represent the mean + SD.

treatment with naked insulin or Ins-PGgpappga NCs. In
response to the IPGTT, the mice receiving naked insulin rapidly
returned to their initial hyperglycemic state (Figure 3d and 4d).
Conversely, mice treated with Ins-PGgparppa NCs, an initial
increase of BGL to 240 mg dL~! was robustly controlled to a
BGL to normal range (<200 mg dL7}) up to 2 h after the IPGTT
(Figure 3d, e and Figure 4d, e). The area under the curve (AUC)
shown in Figure 3e and 4e was used to compare the respon-
siveness to IPGTT after administration of naked insulin or
Ins-PGgparpga NCs in the Akita and STZ-induced diabetic
mice. The glycemic control in mice treated with Ins-PGgpa.pppa
NCs was associated with a significant spike in plasma insulin
from 60 to 220 pU mL™! in the Akita mice and from 30 to
320 pU mL7! in the STZ-induced diabetic mice, respectively
(Figure 3f and 4f). This is while mice treated with naked
insulin showed no significant change in the plasma insulin
level upon IPGTT, as expected (Figure 3f and 4f). Overall, our
data in the two insulin-deficient diabetic mouse models show
that SC injection of Ins-PGgpa.ppga NCs in diabetic mice ena-
bled a rapid insulin release under the hyperglycemic conditions
at high glucose levels at the local injection site and a sustained
insulin release under normal low glucose levels. Normogly-
cemic conditions were maintained by Ins-PGgpappga NCs up

Adv. Mater. 2023, 2210392 2210392 (7 of 15)

to 13 h post-administration through an early-stage rapid insulin
release and a later-stage basal insulin release kinetics profile,
while avoiding both severe hypoglycemia and transient hyper-
glycemia. In addition, Ins-PGgparpea NCs showed a rapid and
efficient response to a glucose challenge, providing extended
glycemic control in vivo when compared to naked insulin.

2.4. Unravelling the Mechanism of Insulin
Release and the Fate of Ins-PGgpa.rpga NCs

To shed light on the underlying mechanism of insulin release
from Ins-PGppappga NCs and the fate of Ins-PGgpapppa NCs
in vivo, pharmacokinetic studies of the glucose-responsive Ins-
PGgpa.rpea NCs (lymphatic absorption and trafficking, systemic
circulation and blood clearance, tissue distribution, extravasa-
tion, and excretion) were performed in both the Akita mice and
STZ-induced diabetic mice after SC injection of the NCs. The
in vivo biosafety of the engineered PGgpappga NPs, admin-
istrated SC, was first assessed and showed a survival rate of
100%, with no significant weight loss or any signs of illness for
7 days post-delivery (Figure S16, Supporting Information). Next,
the mice were subcutaneously administered either labeled

© 2023 The Authors. Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOLULLIOD BATeR10 3(edl|dde ayy Aq peueno aJe ssjpie YO ‘8sn JO sa|n 1oy ArIqiT8uljuO A8|IA UO (SUONIPUOD-PUR-SLLLIBY/LID"AB | IM ARIq 1 Ul UO//:SANLY) SUORIPUOD pUe SWiB | 8L 88S *[£202/50/0T] Uo AriqiTauliuo A8]iM ‘Bunogqe N JO Aisienun ay L A Z680T2Z202 ewWpe/Z00T 0T/10p/oo’ A3 1M AReid 1 |Buluo//sdny woly papeojumod ‘0 ‘S60vTZST



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a o0 3 NIUketInsPGepuppny NCs #55p<0.0001 € 2000, o 80TU kg Ins-PGp, rpns NCs
~ 16 IU kg™ naked Insulin } 122 h - ® 16 IU kg™ naked Insulin
'é a 15 .' .g
E‘J E _T—. = 1500
< 4007 =107 o
§ § 3.76 h 2 1000 200
O 2 5 = 100 \ {
= & g 0 hoe
E 200+ E z 500 0 4 8 14
= S =
801U kg 161U kg
Ins-PGgp, ppps Naked ——
. . . . . . NCs Insulin 0 2 4 6 8
0 4 8 12 16 20 24 Time (h)
d Time (h) e f 1
» 80 IU kg™ Ins-PG, NCs
# 80 IU kg Ins-PGgp, rpa NCs 5 8x104 _ 400 s g EDA-FPBA
N #16 IU kg naked Insulin S **p=0.0021 } ® 161U kg™ naked Insulin
= = 6x10% 3 p = 0.0093
g 5 =
g 400 = 4x10] =
2 £ E
— Q @»
&} £ 2x104 g
= 200 5 =
S o =
= & : : 2
80 IU kg 16 IU kg A
Ins-PG Naked T T r t T T .
0 30 60 90 120 EDA-FPBA
NCs Insulin 0 20 40 60 80 100 120

Time (min) Time (min)

Figure 4. In vivo evaluation of Ins-PGgpa.rpga NCs injection in an STZ-induced diabetic mouse model. a) Blood glucose concentration in STZ-induced
diabetic mice (n = 3-4). b) Duration of normoglycemic conditions maintained in STZ-induced diabetic mice treated with subcutaneously injected
naked insulin (insulin dose 16 IU kg™") or Ins-PGgpa.rpga NCs (insulin dose 80 IU kg™) (n = 3—4). c) Concentration of plasma insulin (n = 3) in STZ-
induced diabetic mice after treatment with naked insulin (insulin dose 16 1U kg™) or Ins-PGgpa.rpea NCs (insulin dose 80 IU kg™'). Data are mean + SD
(n = 3). d) IPGTT results of STZ-induced diabetic mice at 4th h after treatment with Ins-PGgpa.rpga NCs (insulin dose 80 1U kg™") or naked insulin
(insulin dose 16 IU kg™). The glucose dose was set to 1.5 g kg™'; n = 3—4. e) AUC of IPGTT response at 120th min, with the baseline set at the 0-min
blood glucose reading (n = 3-4). f) In vivo glucose-responsive insulin release triggered by intraperitoneal glucose injection at 4th h after treatment
with naked insulin (insulin dose 16 1U kg™) or Ins-PGgpa.rpea NCs (insulin dose 80 U kg™), as quantified using an insulin ELISA kit; the glucose dose
was set to 1.5 g kg™ (n = 3-4). The error bars represent the mean + SD. All statistical analyses were performed by ANOVA with a Tukey post hoc test

or Student’s t-test. *p < 0.05, **p < 0.01, ***p < 0.001.

Ins-PGgparpea-cyss NCs, naked insulin as control (Figure 5a),
dual-labeled Ins.cy;5-PGeparpeacyss NCs, naked Ins.cps, or
PGgpa-rpea-cyss NP in Akita mice (Figure 5b). Super-resolution
microscopy imaging combined with an Odyssey near-infrared
fluorescence (NIRF) scanning was used to monitor the pres-
ence of Ins-PGgparppa NCs and insulin in the organs and
blood. In 24 h post-injection, mice were humanely killed, and
vital organs (heart, liver, spleen, lung, kidney, and brain), skin,
and muscle were isolated for ex vivo fluorescence imaging to
determine sample biodistribution (Figure 5a,b). Representa-
tive Odyssey images of Akita diabetic mice (Figure 5a) and
STZ-induced diabetic mice (Figure S17, Supporting Informa-
tion) showed a prolonged retention (24 h post-injection) of
Ins-PGparppacyss NCs in the proximity of the injection
site (i.e., under the skin). Significant accumulation of
Ins-PGpparpeacys.s NCs in the liver and kidneys was observed
24 h post-injection (Figure 5a), with only limited retention after
96 h (Figure S18, Supporting Information) and no uptake into
the spleen, lung, heart, or brain. A similar biodistribution of
the dual-labeled sample Inscy;5-PGgpa.rppa.cys.s NCs was dem-
onstrated (Figure 5b) as well as a comparable biodistribution of
the PGrparppa.cys.s NPs was observed in Akita mice (Figure 5b)
and WT C57BL/6 mice (Figure S19a, Supporting Information).

Adv. Mater. 2023, 2210392 2210392 (8 of 15)

Importantly, the analysis of all organs 16 weeks post-injection
(Figure S19a, Supporting Information) in WT C57BL/6 mice
revealed complete elimination of the injected PGgpa.rppa.cys.s
NPs from the liver and kidneys with a low signal still present at
the injection site (Figure S19a, Supporting Information).

The blood clearance of Ins-PGgparppa.cyss NCs or
PGgparpeacyss NPs was then monitored in Akita mice
(Figure 5c) and healthy C57BL/6 mice (Figure S19b, Supporting
Information). Fluorescence signal spikes of Ins-PGgpa.rppa.cys s
NCs or PGgparppacys.s NPs, corresponding to 1% of injected
dose, were observed in the blood 2 h post-injection. A second
peak corresponding to 1.5% of the injected dose was observed
=24 h post-injection, followed by a progressive decrease in
the signal up to 96 h (where 0.5% of injected dose remained)
(Figure 5¢). The initial spikes at 2 h post injection can be attrib-
uted to the onset of vascular endothelial dysfunction that is
typically observed in Akita mice.? This was confirmed by the
contrasting results obtained in healthy C57BL/6 mice, where
a gradual increase in circulating Ins-PGgpa.pppacys.s NPs was
detected in the first 2 h post-injection (Figure S19b, Supporting
Information). These data reveal that both Ins-PGgpa.ppga NCs
and PGgpappea NPs readily enter the blood stream upon SC
administration. Yet, unlike insulin monomers and dimers that
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Figure 5. Biodistribution and lymphatic pathway uptake and hepatobiliary exertion pathway of Ins-PGgpa.rpga NCs post SC injection. a) Representative
NIRF scans of perfused organs from Akita mice collected at 24th h after SC injection of Ins-PGepp.peacys.s NCs (36 mg kg™) or control (unlabeled naked
insulin, insulin dose 16 1U kg™'). b) Representative NIR fluorescence scans of perfused organs from Akita mice collected at 24th h after SC injection of
Ins.c,7.5-PGepa-rreacys.s NCs (insulin dose 80 1U kg™), naked Ins ¢,y 5 (insulin dose 16 1U kg™), or PGeparpeacys.s NPs (36 mg kg™). c) Blood clearance
of Ins-PGepp.rpea.cys.s NCs (insulin dose 80 1U kg™, PGepa.rpga NPs 36 mg kg™) and PGeparppacys.s NPS (PGeparpea NPs 36 mg kg™') measured over
96 h in the Akita mice. d) Representative NIR images of PGepa.rpga.cys.s NPs (red color) in ipsilateral and contralateral inguinal LNs Th after SC injection
(WT mice). iLiLN, ipsilateral inguinal LN; CLiLN, contralateral LN. e) Representative NIR images of Ins-PGepa.rpga.cys.s NCs and Ins.c,7 5-PGepa.rpea-cys.s
NCs in LNs from Akita mice treated as described above. iL, ipsilateral; CL, contralateral; iLN, inguinal LN; BrLN, Brachial LN; AxLN, Axillary LN;
MLN, mesenteric LN. Scale bar: 3 mm f) Representative NIR images of Ins.c,75-PGepa.rpea.cys.s NCs in inguinal LNs 24 h after SC injection (Akita
mice). Scale bars: 3 mm. g) Representative images of the distribution of Ins-PGgpa.rpga.cys.s NCs in iLNs 24 h after SC injection. Scale bar: 70 um. Cell
membrane (green, Wheat Germ Agglutinin-FITC); insulin (red, insulin monoclonal antibody); PGepa.fpea.cys.s NPs (pink, cy5.5); cell nucleus (blue,
Hoechst staining). h-k) Representative STORM images of Ins-PGepa.ppea.cys.s NCs in plasma (24 h, h), liver (24 h, j), and kidney (24 h, k) in Akita mice
and Insc,7 5-PGepa.rpga NCs in plasma (24 h, i) in Akita mice. Scale bar: 500 nm and 100 nm (inset), respectively in (h); Scale bar: 6 um and 300 nm
(inset), respectively in (i); Scale bar: 2 um and 200 nm (inset) in (j), Scale bar: 6 um in (k). The error bars represent the mean £ SD (n = 3 per group).
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are rapidly absorbed by blood capillaries, Ins-PGgpa.pppa NCs or
PGgpa.rpea NPs are too large to cross the tight endothelial junc-
tions in blood capillaries.'®?5] We therefore hypothesize that
Ins-PGgpa.rppga NCs can enter the systemic circulation through
the lymphatic system as it is reported that lymphatic capillaries
enable the uptake of high molecular weight biomolecules and
NPs.?l To verify this hypothesis, we examined several major
lymph nodes (LNs) at different time points after SC injection of
Ins-PGgparpacys.s NCs and control (unlabeled naked insulin),
and PGgparpeacyss NPs, naked Inscps, and dual-labeled
Ins.cy75-PGeparpeacys.s NCs in Akita mice and STZ-induced
diabetic mice. In healthy C57BL/6 mice, the PGgparppa-cyss
NPs firstly and promptly (within 1 h) reached the ipsilateral (iL)
inguinal LNs (iLNs) through the wide opening of the special-
ized gaps (also known as junctions, up to =100 nm) between
lymphatic endothelial cells in the lymphatic capillaries, and
subsequently migrate to contralateral iLNs (CL iLNs) via the
lymphatic vessels.?® (Figure 5d and Figure S20, Supporting
Information). The lymphatic vessels form a one-way trafficking
pathway for lymph and leukocytes that specifically encom-
pass tight “zipper-like” junctions for prevention of lymph
leakage during lymphatic drainage.*”) Thus, we also examined
both the ipsilateral (iL) and contralateral (CL) iLNs, axillary
LNs (AxLNs), brachial LNs (BrLNs), and mesenteric LNs
(MLNs) 24 h after SC injection of Ins-PGgpa.rppa.cys.s NCs or
Ins.cy75-PGeparpeacys.s NCs in the Akita mice (Figure 5e) and
STZ-induced diabetic mice (Figure S21, Supporting Informa-
tion). Ins.cy75-PGrparpeacys.s NC was detected in the ilNs
and associated lymphatic vessels 24 h post-SC injection in
the Akita mice (Figure 5f) and STZ-induced diabetic mice
(Figure S22, Supporting Information). A similar uptake of
Ins-PGgparppacys.s NCs into LNs was observed in WT C57BL/6
mice (Figure S23, Supporting Information). Furthermore, the
distribution of Ins-PGgpapppa NCs into different areas of iLNs
in the Akita mice was visualized using confocal microscopy
imaging (Figure 5g). Super-resolution microscopy images with
a nanoscale resolution, acquired from blood 24 h post-injection
revealed the presence of intact circulating Ins-PGgpapppa NCs
(Figure 5h), with insulin molecules appearing still bound to
the nanocarrier (Figure 5i). As the literature reports, the pres-
ence of surface hydrophilicity, and optimal particle size, and
flexibility are critical for lymphatic transport. For example, the
lymphatic transport of dextran chains with high flexibility is
superior to that of rigid polystyrene spheres.?’®23 The excellent
lymphatic transport properties displayed by the Ins-PGgparppa
NCs may likely be due to the intrinsic size, hydrophilicity, and
flexibility of the multilobular nanosugar component (Figure S1,
Supporting Information). However, further studies are required
to determine whether lymphatic transport of the nanosugars
(Ins-PGgparppa NCs) occurs via passive transport, active
cell-mediated trafficking, or mixed mechanisms. Our results
indicate that both the Ins-PGgpappga NCs and PGgparppa
NPs navigate the lymphatic system upon injection into the SC
tissue by entry into lymphatic capillaries, migrating to primary
and ipsilateral LNs and subsequently entering the contralateral
LNs or thoracic duct and right lymphatic trunk to access the
systemic circulation and accumulate in the liver.?’’! Indeed,
analysis of the fixed liver tissue by H&E staining and confocal
microscopy revealed that the Ins-PGgpa.rppa.cys.s NCs can likely
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cross the organ’s fenestrated endothelium, which permits the
passage of NPs of up to 100 nm in diameter? (Figure S24,
Supporting Information). Ins-PGgpa.pppa.cyss NCs are then
taken up by hepatocytes and enter the intrahepatic system
of bile ducts (Figure S25, Supporting Information). STORM
super-resolution analysis of the fixed liver tissues further dem-
onstrated the presence of intact ins-PGgpa.ppga NCs (Figure 5j),
whereas a widespread signal was detected in the kidney
(Figure 5k), confirming that Ins-PGgpa.ppga NCs are amenable
to degradation in vivo. The Ins-PGgpappea NCs were also
identified in the bile and feces (Figure S26, Supporting Infor-
mation), indicating that Ins-PGgpa.ppga NCs enter the hepato-
biliary excretion pathway.??) These data allow us to infer that
Ins-PGgpa.rppa NCs entering the hepatic portal vein are taken
up and processed by liver hepatocytes and finally undergo
either intracellular hepatic degradation or hepatobiliary excre-
tion via the bile duct. Notably, histology of liver tissue and the
skin injection site indicated no liver damage or inflamma-
tion after administration of Ins-PGgpa.pppa NCs in Akita mice
(Figure S24 and S27, Supporting Information).

3. Conclusion

Innovative technologies for diabetes treatment which act like an
artificial pancreas in vivol*” are in great demand but still unat-
tained. The clinical translation of biomaterials formulated to
gain glucose responsive insulin delivery is typically hampered
by long-term biocompatibility and bioavailability issues, vari-
ability in the insulin release profile and risk of hypoglycaemia.
We engineered a glucose-responsive nanosugar and demon-
strated its potential as a highly biocompatible glucose-respon-
sive insulin delivery platform for diabetes treatment using two
distinct insulin-deficient diabetic mouse models. We show that
insulin was delivered by the engineered Ins-PGgpapppa NCs
after a single subcutaneous (SC) injection in mice, in a thera-
peutically relevant dose and time scale resulting in optimal
blood glucose levels (below 200 mg dL™Y) for up to 13 h. Unlike
other preclinical studies that only used type 1 diabetic mouse,
rat, or large-animal (minipig) models induced by an insulin-
producing fB-cell-cytotoxic drug, streptozotocin (STZ),* 1] we
first employed a reliable spontaneously insulin-deficient type
1 diabetic Akita mouse model (C57BL/6-Ins2-Akita/]) to study
the therapeutic properties of glucose-responsive materials. It
was reported that the unexplained vital organs related off target
toxicities of STZ may interfere with the studies conducted on
the chemically induced type 1 diabetes model.?) The mecha-
nism of action of the engineered nanosugar for glucose control
in two distinct diabetic mice models was comprehensively elu-
cidated by combining single-molecule localization microscopy
and biodistribution and pharmacokinetics studies.

Our findings suggest that a rapid glucose-responsive insulin
release is mediated by Ins-PGgpappga NCs that are capable of
promptly sensing high glucose levels and a fast in situ insulin
release by a surface charge switch mechanism (Figure 6). Sim-
ilar rapid in situ glucose triggered insulin release profile has
been observed in other glucose-response biomaterials.[611413]
However, the engineered glucose responsive Ins-PGgpa.pppa
NCs have unique intrinsic size, hydrophilicity, biodegradability,
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Figure 6. Mechanism of action of the engineered nanosugar for glucose control in diabetic mice. SC injection of engineered nanosugar
(Ins-PGepa.rpea NCs) in diabetic mice (1.). Rapid local insulin release from Ins-PGgpa.rpga NCs in response to a high glucose level in the SC space.
The released insulin readily enters the blood stream (2.). The small NCs (50-100 nm) travel through the interstitial space and directly enter lymphatic
vessels (3.), as lymphatic endothelial cells gaps are opened to =100 nm, and rapidly migrate to ipsilateral LNs (for example, iLNs) within T h of injection
(5.), and then distribute to contralateral LNs (6.) or enter the thoracic duct to finally access the blood stream (6.) for systemic distribution and release
of insulin in the blood. This process is slow but constantly occurs from the SC injection site to the lymphatic system and then blood circulation (steps
3., 5., 6.). Concurrently, the large NCs (100-300 nm) are retained within the SC space because of their large size and slowly dissociate into smaller NCs
and release the embedded insulin in a controlled and glucose-responsive fashion (4.). The circulating Ins-PGgppa.rpea NCs are not filtered by the kidneys
but sequestrated in the liver where they are degraded by hepatocytes (8.) or enter the hepatobiliary excretion pathway via the liver-bile—feces axis (9.).

and tunable morphology. We provided evidence that the small
NCs (50-100 nm) can readily and passively diffuse through the
extracellular matrix network under the skin to access the LNs
and navigate the lymphatic system toward the blood stream.
In circulation, intact small NCs respond rapidly and directly to
dynamic changes in blood glucose to regulate insulin release
(Figures 2e and 5h,i). Interestingly, large Ins-PGgpapppa NCs
(100-300 nm) remain confined to the SC tissue and perform
as glucose-responsive reservoirs that promptly and continu-
ously disassemble upon glucose challenge and release insulin
through the blood capillaries (Figure 6). The release of insulin
is controlled by the equilibrium between the complex and the
unbound PGgpppppa NPs and insulin species. The equilibrium
is shifted toward the unbound forms when the charge density
on PGgparppa NPs is reduced upon glucose binding, because
the electrostatic interactions are weakened. In addition, in the
SC tissue the free/unbound insulin is depleted due to the dif-
fusion into the blood capillaries, hence free insulin molecules
will be released to establish the equilibrium condition. Large
NCs in situ and small NCs in circulation may enable the
sustained release of insulin over 13 h, as per our observations.
The circulating NCs are sequestrated in the liver where they
are degraded by hepatocytes or enter the hepatobiliary excre-
tion pathway via the liver-bile—faeces axis. Overall, the highly
biocompatible PGgparpga NPs provide an excellent platform
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for the assembly and transport of insulin molecules by sev-
eral mechanisms, enabling control over the pharmacokinetic
properties of the released insulin. In addition, the nanocompl-
exation process imparts storage stability to the formulation and
prevents the aggregation of insulin in the SC tissue, thereby
improving insulin bioavailability. Our technology provides a
strong framework for the formulation of a glucose-respon-
sive insulin delivery system for potential clinical translation.
Although the engineered nanosugar showed efficacy in two
distinct diabetic mouse models, to advance this formulation
toward clinical studies, it is essential to scale up the manu-
facturing process, investigate long-term storage stability, and
evaluate the safety and efficacy of the formulation in large-
animal and primate models. Based on our results, the engi-
neered glucose-responsive nanosugars emerges as a promising
platform that can potentially meet these requirements. The
morphology of the nanocomplexes can be tailored to program
the rate of insulin release and further prolong the insulin bio-
availability. This study therefore paves the way for future treat-
ment of diabetes with a natural, and highly biocompatible
nanosugar sourced from sweet corn that mitigates the risks
of hyperglycemia and hypoglycemia. In addition, our strategy
could be extended to the delivery of other therapeutic peptides
and proteins (i.e glucagon-like protein 1 (GLP1) and GLP1
agonists)
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4. Experimental Section

Synthesis of PGgpa NPs: PG (200 mg, equivalent to 1.2 mmol of
glucose monomers) was dissolved in acetic buffer (5 mL, 0.6 M, pH
5.5) with stirring. To this solution, sodium periodate (42 mg, 0.24 mmol)
was added in the dark for oxidation of the 1,2 diols. After 2 h, EDA
(72 mg, 1.2 mmol) was added followed by the addition of sodium
cyanoborohydride (10 eq.), and the mixture was stirred overnight. The
product (PGgpa NPs) was purified by dialysis (molecular weight cutoff
(MWCO) 14 kDa) against Milli-Q water for 3 days (the medium was
changed 6 times) and freeze dried. The yield of the reaction was ~90%.

Synthesis of PGgpa.rpga NPs: FPBA (40 mL; 110 mg, 0.6 mmol) was
added to a mixture of N-hydroxysuccinimide (NHS; 140 mg, 1.2 mmol)
and  N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide  hydrochloride
(EDC-HCI; 120 mg, 0.6 mmol) and stirred for 30 min. Next, PGgpa NPs
(100 mg) were added to the reaction mixture and stirred overnight in
dark. The product (PGgparpsa NPs) was purified by dialysis (MWCO
cutoff 14 kDa) against NaCl (0.1 m) for 1 day and Milli-Q water for
3 days (6 times changed) and freeze dried. The yield of the reaction was
~87%. The NPs were characterized by '"H-NMR spectroscopy, absorption
spectroscopy, and DLS.

Labeling of Insulin and PGgpprpga NPs for STORM and FCS Analyses:
PGeoarrea NPs (5 mg mL™") were dissolved in sodium bicarbonate
buffer pH = 8 (100 mm) and mixed with AF488-NHS, AF647-NHS, Cy5.5,
or Cy7.5 (20 uL, 1 mg mL™") dye. The mixture was stirred overnight,
and excess dye was removed using NAP-10 column and freeze dried.
Similarly, for studying the colocalization of insulin and PGgpa.rpga NPs
with STORM, insulin (2 mg mL™") in NaHCO; (100 mM) was incubated
overnight with AF488-NHS (35 uL, 1 mg mL™) and AF647-NHS
(8 uL, 1 mg mL™) dyes and purified via dialysis against water (dialysis
tubing size was 10 kDa). PGgparpga NPs (1.5 mg mL™) were likewise
incubated with AF647-NHS (12 plL) and AF555-NHS (20 pL) dyes, and
the mixture was stirred overnight, and excess dye was removed using
NAP-10 column and freeze dried.

Characterization of Engineered NPs and NCs by NMR Spectroscopy
and UV-Vis Spectroscopy: '"H-NMR spectra of PG NPs, PGgpa NPs, and
PGeparpea NPs were recorded on a 600 MHz Bruker Avance 11l at 40 °C
in H,O and 10% D,0O using the sequence (zgesgp) and the following
parameters: 128 scans, 2 s relaxation delay, and spectral width of
9.6 kHz. TH-NMR spectra of insulin, Ins-PGgpa.rpga NCs, Ins-PGgpa NCs,
and Ins-PG NCs were recorded on a 700 MHz Bruker Avance IlIHD
at 25 °C in H,0 and 10% D,0 using the sequence (zgesgp) and the
following parameters: 64 scans, 2 s relaxation delay, and spectral width
of 11.2 kHz. The spectra were processed using Topspin 4.1.4, and 'H
chemical shifts were referenced to d,-trimethylsilylpropanoate at 0 ppm.
UV-vis spectroscopy was performed using SPECORD 250 PLUS. A
1 cm quartz cuvette was used to analyze a solution of PGgpprpga NPs
(1 mg ml™, pH 7) and a calibration curve for FPBA was generated. The
scattering of the PG NPs at the same concentration was subtracted from
the spectra.

Degradation of PGgparpga NPs by o-Amylase and [-Amylase: The
rate of degradation of PG NPs and PGgpprpga NPs by c-amylase and
[-amylase was determined using the Somogyi-Nelson assay. The PG
or PGeparpea NPs (200 pL, 1 mg mL™) were dissolved in 10 mm PBS
(pH = 7.4) and incubated for 1, 2, and 3 h with enzyme solutions,
where the final concentration of the enzyme was 1 U mL™". Following
incubation, the samples were analyzed using the Somogyi—Nelson
assay. For the assay, copper-carbonate-tartrate reagent, which is
composed of stock | (sodium potassium tartrate tetrahydrate (1.2 g),
sodium carbonate (2.4 g), sodium bicarbonate (1.6 g), and sodium
sulfate (14.4 g) in 80 mL of Milli-Q water) and stock Il (copper sulfate
pentahydrate (0.4 g) and sodium sulfate (3. ) dissolved in 20 mL of
Milli-Q water), was prepared. The working reagent was then prepared by
mixing 4 parts of stock | with one part of stock Il. The arsenomolybate
color reagent was prepared by dissolving ammonium molybdate (2.5 g)
in water which was then mixed with concentrated sulfuric acid (2.1 mL).
This solution was mixed with a solution of sodium arsenate dibasic
pentahydrate (0.3 g in 2.5 mL of Milli-Q water). Aliquots (45 pL) of PG
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or PGepa.rpga NPs solution, in triplicate, before and after treatment with
o-amylase were added to a 96-well microplate (Costar 3596, Corning,
MA, USA). The working reagent (45 uL) was added and the plate was
covered in Al foil and heated at 90 °C for 20 min. The plate was cooled
to room temperature and arsenomolybate color reagent (45 uL) was
added to each well, and after 15-20 min, the absorbance was recorded at
600 nm using an Infinite M200 microplate reader (Tecan, Switzerland).

Cell Viability: Cell viability was measured using an alamarBlue assay.
3T3 Fibroblasts and raw cells were plated on a 96-well plate at a seeding
density of 7000 cells per well in Dulbecco’s modified Eagle medium
(DMEM; 100 pL) supplemented with 10% fetal bovine serum. After
24 h, cells were incubated with different concentrations of PGgpa.rpea
NPs for 96 h. Cell viability was estimated after incubating the cells with
alamarBlue reagent for 2 h using an Infinite M200 microplate reader.

Complexation between Insulin  and PGgparpga NPs to Form
Ins-PGeppa.psa NCs: Both PGeparpsa NPs (20 mg mL™" in Milli-Q water)
and insulin were dissolved (1 mg, 28.8 U, in 0.01 N HCI). The complexes
were then prepared with different weight-to-weight (w/w) ratio of insulin
and PGgparpea NPs in Milli-Q water (pH 6) and PBS (50 mm, pH 7).
Then, the complexes were purified using a 100 kDa spin column at
10000 rpm for 5 min, and the supernatant was analyzed by fluorescence
spectroscopy (emission at 310 nm at excitation wavelength 275 nm)
and high-performance liquid chromatography to estimate the amount
of loading. The size and charge of the complexes were measured by
DLS and electrophoretic mobility, respectively, and the morphology was
studied by STORM. The complexes were also prepared in the presence
of PBS (20 mm, pH =7), where PGgparpgn NPs were dissolved in PBS
and the pH of the insulin solution was gradually increased to =6.5.

For the in vivo studies, Ins-PGgpa.rpea NCs were prepared as follows:
in the presence of PBS (20 mm, pH =7), PGeparpea NPs (6 mg mL™)
were complexed with insulin at an insulin-to-PGgpa.rpea NPs weight ratio
of 1:13 overnight at 4 °C.

Characterization of Ins-PGgpa.rpga NCs by STORM, FCS, and TEM: For
STORM analysis, FITC-Ins-PGgpa.rpga NCs were prepared as described
above at varying Insulin-to-PGgparpga NPs weight ratios of 1:0, 1:1.5,
1:3.5, 1:10, 1:13. Ins-grc -PGeparpea NCs were deposited on a glass slide,
and after 30 min of incubation at 25 °C, unbound molecules and NPs
were washed away with freshly prepared, standard imaging buffer with
cysteamine (MEA). STORM images were acquired on a Nikon N-STORM
system equipped with a Nikon 100 x 1.4 NA oil immersion objective.
The focus and total internal reflection fluorescence imaging angle were
adjusted to obtain a high signal-to-noise ratio. Lasers (647, 561, and
488 nm) were used for the excitation of the fluorophores. All time lapses
were recorded within a 256 X 256 pixels region using an EMCCD camera.
For each image, 4000 frames were acquired sequentially using full laser
power. STORM images were first processed with the STORM module of
the NIS Elements Nikon software, where drift correction was performed,
and a list of particle localizations was obtained by Gaussian fitting of the
fluorescence spots of blinking dyes. Blinking events that were detected
in <5 consecutive frames were counted as single molecules, whereas
events detected in >5 consecutive frames were discarded (max trace
length 5). The list of localizations was exported as a .txt file and analyzed
using an in-house-built clustering analysis script on Spyder (Anaconda3
software), where the localizations were clustered using a kernel density
estimation with a bandwidth of 50 nm. An ellipse was fitted to the
obtained clusters with a minimum of 10 localizations and a maximum
elongation factor of 1.5 (ratio of long and short axes of the ellipse).
Then, the circles containing 90% of detected spots in the cluster were
fitted to determine the NP size distribution and number of localizations.
For the multicolour STORM analysis, insulin was dual labeled with
AF488/AF647 (green) and the PGgpprpgn NPs were dual labeled with
AF555/AF647 (red). FCS experiments on AF647 PGepa.rpga NPs incubated
with enzymes were performed on a Nikon AIR confocal microscope
combined with a MicroTime PicoQuant system with 40 x /1.1 NA
water immersion objective and a 647 nm laser for illumination.
The confocal volume (Veff) was calibrated by the measurements of
AF 647 dye with the known DAF647 = 3.3 £ 0.1 x 10® cm? s at the
beginning of each experiment. The measurements were carried
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out for 30 s and repeated at least 20 times in various positions. The
generated autocorrelation function (ACF) curves were analysed using
the SymPhoTime 64 software. For TEM imaging, a drop (10 pL) of a
sample dispersion (10 mg mL™") was deposited on a copper grid for
10 min. Excess sample was then removed and the grid was washed with
Milli-Q water twice. Subsequently, uranyl acetate (10 pL) was added
to the grid for 1 min and the grid was washed twice with water. The
grid was then air dried and imaged on a JEOL JEM-1010 transmission
electron microscope. Cryo-TEM images were obtained using a TECNAI
F30 microscope equipped with a high-angle annular dark-field scanning
transmission electron microscopy detector, a Gatan quantum 965 energy
filter, and an upper CETA 4k x 4k CMOS camera.

Circular Dichroism (CD) Spectroscopy: Ins-PGgpa.rpga NCs (ratio 1:13)
and naked insulin samples were prepared as described above and
then diluted 8 times with Milli-Q water. Each sample was split into two
aliquots: the first aliquot was treated at 60 °C for 1 h with shaking at
300 rpm and the second aliquot was kept at RT for 1 h. CD spectra were
acquired on a Chirascan spectropolarimeter (Applied Photophysics
Ltd., UK) between 190 and 260 nm using a 0.1 mm path length
cylindrical quartz cell (Starna Scientific Ltd, Hainault, UK). Spectra
were acquired with 0.5 nm data intervals, 1 s integration time, and 3
scans accumulation. Signal was recorded as millidegrees at 25 °C.
Spectra were zeroed at 260 nm, the background from the solvent or
PGepareea NPs was subtracted, and normalized to give units of
mean-residue ellipticity (MRE) according to [IMRE = 6/(c x | x Nr),
where 6 is the recorded ellipticity (mdeg), c is the peptide concentration
(dmol L), I is the cell path length (cm), and Nr is the number of
residues.

Effect of Glucose on PGgpprega NPs: The effect of glucose
concentration on the {potential of PGgparpga NPs (10 mg mL™) was
determined after the addition of different amounts of glucose (100 and
400 mg dL™") below and above the pK, of FPBA. The binding of glucose to
PGeparpea NPs was quantified as follows. Glucose (100 or 400 mg dL™)
was added to 300 puL of 8 mg mL™" PGgpa NP or PGegparpsa NP solution
in PBS (100 mm, pH 7.4), and the mixture was incubated at 37 °C. After
various time points, the supernatant was collected using a spin column
and the glucose concentration was estimated using an Accu-Chek
Performa glucose monitor.

In Vitro Insulin-Release Study: Briefly, the PGgps and PGgparpea
NCs with 0.3 mg insulin were incubated with PBS and with different
concentrations of glucose (100 and 400 mg dL™") at pH 7.4 in centrifuge
tubes. The centrifuge tubes were incubated at 37 °C and stirred at
500 rpm. The supernatant was then recovered after various time points
using a 100 kDa spin column at 10 000 rpm for 5 min and analyzed by
fluorescence spectroscopy (emission at 310 nm at excitation wavelength
275 nm) to estimate the amount of loading. When FITC-conjugated
insulin was used, the fluorescence emission was recorded at 515 nm at
an excitation wavelength of 480 nm.

In Vitro Assessment of Insulin Bioactivity of Ins-PGgpa.rpga NCs: HepG2
cells (0.5 x 10% human liver hepatocellular carcinoma, American Type
Culture Collection, HB-8065) were seeded over 48 h with 10% FCS/DMEM
(1 x penicillin-streptomycin) and starved in serum-free DMEM media
overnight. Insulin (equivalent concentration of 100 nm) was then loaded
into the PGgparpea NPs at an Insulin-to-PGgpa.rpga NPs ratio of 1:13.
An aliquot (2 uL) of each sample was added to the HepG2 cells and
incubated for 15 min. The medium was then discarded, and the cells
were washed with PBS twice, and RIPA buffer with a phospho-inhibitor
cocktail and protease inhibitor cocktail was added for cell lysis. The
supernatant was collected after centrifugation at 16 000g for 30 min,
and the protein amount was quantified using the BCA kit before the
supernatant was added to 6 x sodium dodecyl sulfate sample buffer and
heated at 95 °C for 10 min. For immunoblotting, each cell lysate (60 nug)
was loaded into 12% acrylamide gel for electrophoresis, as previously
described.’2 Transferred membrane were probed with primary
antibodies (rabbit p-AKT Ser473, Pan-AKT, 1:1000 dilution). Incubation
transferred membrane with secondary antibody (goat anti-rabbit HRP,
1:3000 dilution). Membranes were washed thrice with PBS and the
chemiluminescent Western Blot reagent was added (Thermo Fisher
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Scientific). Images were obtained using a ChemiDoc machine (BioRad)
and quantified using Image Lab 6.1 (BioRad).

Ex Vivo Plasma Insulin-Release Study: Blood samples were collected
from healthy donors, with informed consent, at the Australian Centre
for Blood Diseases. PPP was obtained after centrifugation at 2000 g for
10 min twice. Samples (25 pL) were prepared that were either normal PPP
glucose (100 mg dL™") or diabetic PPP glucose (600 mg dL™", additional
glucose was added to normal PPP). All samples had an equivalent
insulin concentration of 1.33 IU mL™" and were incubated at 37 °C while
shaking at 500 rpm. The supernatant was then recovered after various
time points using a 100 kDa spin column at 10000 g for 5 min and
analyzed for the free insulin amount via ELISA (ALPCO 80-INSMSU-EO1
kit). The supernatant was diluted 3000 x using a Zero standard solution
from the ELISA kit. Briefly, aliquots (5 pL) of each of the standard curve
samples, insulin controls, and final diluted samples were loaded into a
96-well microplate. A working conjugate buffer (75 pL) was added, and
the microplate was sealed and placed on an Eppendorf Thermomixer
machine for 2 h and mixed at 800 rpm. Wells were washed 6 times with
working strength wash buffer (350 uL) before tetramethylbenzidine
(TMB) Substrate (100 uL) was added. The microplate was incubated for
a further 30 min at room temperature while shaking at 800 rpm. The
Stop Solution (100 pL) was added to each well and the absorbance was
measured using a FLUOstar OPTIMA machine at 450 nm.

In Vivo Blood Glucose Regulation Studies in Akita and STZ-Induced
Type-1 Diabetic Mice Models: In vivo studies were conducted using
8-12-week-old heterozygous Akita type 1 diabetic male mice (C57BL/6-
Ins2-Akita/)) purchased from the Alfred Research Alliance Precinct
Animal Centre (Australia). All animal procedures were approved by
the Alfred Research Alliance Animal Ethics Committees (ARAAEC),
Monash University (AEC number E/1695/2016/M and E/P8220/2022).
STZ induction was conducted by continuous intraperitoneal injection
of STZ at low dose (55 mg kg™") over 5 days, and blood glucose was
monitored over 4-5 weeks. The mice were considered diabetic when the
BGL was over 25 mg dL™". Akita mice (n = 5) and STZ-induced diabetic
mice (n = 3-4) were distributed into groups treated with naked insulin
(insulin dose 16 1U kg™) and NCs (e.g., insulin dose 80 IU kg™"). The
blood glucose was monitored before and after treatment until the
blood glucose returned to initial levels. The blood samples were taken
from the tail tip and plasma glucose concentration was measured by
a glucose meter (ACCU-CHEK). Blood samples (2.5 uL) of the Akita
mice (n = 3) and STZ-induced diabetic mice (n = 3) treated with native
insulin (insulin dose 16 1U kg™') and NCs (insulin dose 80 1U kg™") were
extracted and transferred into Eppendorf tubes and mixed with 2.5 pL
10% sodium citrate (3.2%) PBS solution. The obtained blood was
centrifuged (2000 g, 15mins, twice) and the plasma was stored at =20 °C
until measurement. The plasma insulin level was quantified via ELISA.

IPGTT in Akita and STZ-Induced Type 1 Diabetic Mice: Akita (n = 3—4)
and STZ-induced type 1 diabetic mice (n = 3—4) were randomly assigned
to be treated with insulin NCs (80 1U kg ') and naked insulin (16 IU kg™).
At 4 h post-treatment, the Akita and STZ-induced diabetic mice were
intraperitoneally injected with glucose (1.5 g kg™). The blood samples
were taken from the tail tip and the plasma glucose concentration was
measured by a glucose meter (ACCU-CHEK).

Intraperitoneal Glucose Injection Induced Insulin Release Study in Akita
and STZ-Induced Type 1 Diabetic Mice: Akita (n = 3—4) and STZ-induced
type 1 diabetic mice (n = 3) were randomly assigned to be treated with
various insulin NCs (insulin dose 80 IU kg™"). At 4 h post-treatment, the
Akita mice were intraperitoneally injected with glucose (1.5 g kg™). Blood
samples (2.5 L) were extracted and transferred into Eppendorf tubes
and mixed with 2.5 puL 10% sodium citrate (3.2%) PBS solution. The
obtained blood was centrifuged, and the plasma was stored at —20 °C
until measurement. The plasma insulin level was quantified via ELISA.

Biodistribution Studies in Akita, STZ-Induced Diabetic, and WT C57BL/6
Mice: Mice were housed on a 12 h light/dark cycle with ad libitum
access to food and water. Biodistribution studies were conducted using
Akita male mice (8-12 weeks old), STZ-induced C57Bl/6 male mice
(12-13 weeks old), and C57BL/6 male mice (8-12 weeks old) bred in
house. All animal experiments were approved by the ARAAEC Monash
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University (AEC number Akita mice E/1695/2016/M and C57Bl/6 mice
E/1625/2016/M). To evaluate the biodistribution of Ins-PGgparpga NCs
and PGgpa.rpga NPs, the mice were subcutaneously administered Ins-
PGepa-rpea-cys.s NCs (insulin dose 80 IU kg™") and naked insulin (control,
insulin dose 16 I1U kg™, Ins.c,7.5-PGeparpeacyss NCs (insulin dose
80 1U kg™), naked Ins ¢ 5 (insulin dose 16 1U kg™), or PGepa.rpea.cys.s
NPs (36 mg kg™") (Akita mice (n = 3) and STZ-induced mice (n = 3)). In
WT C57BL/6 mice, PGeparpeacys.s NPs (36 mg kg™), Ins-PGepa.rreacys.s
NCs (insulin dose 24 IU kg™, NPs 36 mg kg™), Ins-PGepa.rpaacyss
NCs (insulin dose 12 1U kg™, NPs 36 mg kg™), or Ins-PGeparppacys.s
NCs (insulin dose 8 IU kg™, NPs 36 mg kg™') were administrated
subcutaneously. Blood samples were then collected from the mouse
tail and blood withdrawn (2.5 uL) using a pipette at the indicated time
points post-injection. Collected blood was diluted in 10% sodium citrate
(3.2%) PBS solution (total volume 50 ulL) and those diluted blood
samples (50 pL) were measured on an Odyssey ClLx scanner (LI-COR
Biosciences, NE, USA), with the fluorescence detected using the 800 nm
(Cy7.5 dye) or 700 nm (Cy5.5) channel, accordingly.

At indicated time points, the mice were euthanized by an overdose
intraperitoneal injection of ketamine (300 mg kg™) and xylazine
(30 mg kg™') and subsequently subjected to transcardial perfusion with
PBS (20 mL) before the brain, heart, lung, liver, spleen, kidney, muscle,
and skin were harvested. The organs were briefly washed and stored in
PBS at 4 °C and in the dark until fluorescence imaging was performed. The
scans were recorded on an Odyssey ClLx scanner, with the fluorescence
detected using the 800 nm (Cy7.5 dye) or 700 nm (Cy5.5 dye) channel. The
mean fluorescence intensity value (a.u.) was determined for each sample,
as well as the total fluorescence of each injected dose, calculated from a
standard curve of stock volume. The percentage of the remaining material
for blood clearance, and the percentage of injected dose per gram tissue
for biodistribution, were calculated.!

Immunohistochemistry and Immunofluorescence: Tissues were fixed
in 10% neutral buffered formalin (NBF), paraffin embedded, sectioned
at 4 microns, and float sections into superfrost slides. One series was
subjected to H&E staining, and an Olympus BX51 fluorescence microscope
was used to image the H&E-stained tissue slides. The waxed tissue slides
were placed on a heating block at 60 °C for 2 h and then dewaxed with
incubation with xylene (5 min, 3 times), 100% ethanol (20 dips, 3 times),
and PBS (5 min, 2 times). Antigen retrieval was achieved via incubation
of tissue slides with sodium citrate buffer at 90 °C for 20 min with 30 min
cooling, followed by PBS washes (5 min, 2 times). Permeabilization was
performed with 0.5% Triton X/PBS for 30 min at room temperature. Tissue
slides were blocked with 5% serum at room temperature for 1 h. Tissue
slides were incubated with primary antibody (Insulin, mouse monoclonal
Antibody, eBioscience) and Wheat Germ Agglutinin Alexa Fluor 488
conjugate (WGA-AF488, Thermo Fisher Scientific for plasma membrane
staining) overnight at 4 °C and washed with PBS three times, and then
incubated with secondary antibody (Donkey anti-mouse AF568, Thermo
Fisher Scientific) for one hour at RT and Hoechst staining at RT for
15 min. Confocal microscopy was conducted on a Nikon Al microscope,
sequentially acquiring using Plan Fluor 20 x MImm NA 0.75 objective
(FITC was used for plasma membrane staining, AF568 was used for
insulin staining, and channel 647 nm was used for Cy5.5 dye (PGgpa.rpea
NPs), Hoechst was used for nuclear staining).

Statistical Analysis: One-way analysis of variance (ANOVA) with Tukey
post-hoc tests and two-way ANOVA were used to carry out multiple
comparisons (Prism version 9.3.0).
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Supporting Information is available from the Wiley Online Library or
from the author.
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