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Abstract

Daily injections for basal insulin therapy are far from ideal resulting in hypo/hyperglycemic
episodes associated with fatal complications in type-1 diabetes patients. Here we report a delivery
system that provides controlled release of insulin closely mimicking physiological basal insulin
requirement for an extended period following a single subcutaneous injection. Stability of insulin
was significantly improved by formation of zinc-insulin hexamers, further stabilized by
electrostatic complex formation with chitosan polymer. Insulin complexes were homogenously
incorporated into PLA-PEG-PLA, a biodegradable thermogel copolymer, that instantaneously
forms a subcutaneous gel-depot following injection. Chitosan polymer was hydrophobically
modified using oleic acid prior to complex formation with insulin to enable distribution of oleic
acid-grafted-chitosan-zinc-insulin complexes into the hydrophobic core of PLA-PEG-PLA
thermogel-copolymer micelles. /n1 vivo, daily administration of marketed long-acting insulin,
glargine, resulted in fluctuating blood glucose levels between 91 — 443 mg/dL in type 1 diabetic
rats. However, single administration of thermogel copolymeric formulation successfully
demonstrated slow diffusion of insulin complexes maintaining peak-free basal insulin level of 21
mU/L for 91 days. Sustained release of basal insulin also correlated with efficient glycemic control
(blood glucose <120 mg/dL), prevention of diabetic ketoacidosis and absence of cataract
development, unlike other treatment groups. Moreover, there was no sign of inflammation, tissue
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damage, or collagen deposition around depot site, suggesting exceptional biocompatibility of the
formulation for long-term use.

Graphical Abstract
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1. Introduction

Diabetes mellitus (DM) is a chronic progressive metabolic syndrome characterized by
hyperglycemia, coming about because of relative or total insufficiency of insulin. Type 1
DM accounts for 5 — 10% of total DM cases worldwide and occurs due to slow and
progressive autoimmune destruction of insulin-producing pancreatic -cells leading to an
absolute deficiency of insulin production. Type 2 DM results from decreased function of
insulin on insulin-responsive tissues due to insulin resistance, and/or insufficient insulin
secretion due to continuing B-cell dysfunction or loss. Insulin replacement therapy using
appropriate delivery systems, along with continuous glucose monitoring is crucial for people
living with type 1 diabetes and eventually for type 2 diabetes patients, when their treatment
is inadequate using oral hypoglycemic agents. Under normal conditions, pancreatic -cells
secrete 0.5 — 1 U of insulin per hour during fasting (basal) state [1]. This enables insulin-
dependent entry of glucose into the cells and prevents uncontrolled hydrolysis of
triglycerides, limits gluconeogenesis, and modulates energy production overnight as well as
for period in-between meals. Basal insulin production accounts for over 50% of daily insulin
secretion and corresponding to 3 — 15 mIU/L of fasting insulin concentration [2]. Basal
insulin requirement in type-1 DM is currently approached using insulin pump therapy or
once/twice daily disposable devices which are accompanied by injection-associated pain,
discomfort, increased risk of infection as well as psychological and economical stress for
patients and their families [3]. Moreover, none of these devices can deliver insulin at a basal
level at a steady rate for more than a day [4]. Recently, researchers working on developing
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daily or weekly insulin delivery systems have had some success, but their translation to
clinical practice is burdened with challenges such as cost, patient compliance,
reproducibility and most importantly stability of insulin [5-7].

To date, subcutaneous route of insulin administration using pumps and pens are the most
popular route for insulin therapy. Clinical and investigational long-acting insulin including
insulin detemir, insulin glargine (U100, U300), insulin degludec, and PegL.ispro have shown
good evidence for relatively peak-free glucose lowering effect ranging from 18 — 36 hours
allowing once-a-day daily basal insulin regimen for most of the patients. However, the need
for repeated insulin administration and concurrent risk of nocturnal hypoglycemia are still
most feared and costly complications of current therapies. Subsequently, 60% of people with
type-1 DM and 45% of people with type-2 DM fail to achieve their target blood glucose
levels [8,9]. Improper management of glycemia can lead to life threatening adverse effects
owing to the glucotoxic effects on nerves, blood vessels and organs leading to complications
of major vascular organs such as heart diseases, high blood pressure, stroke, nephropathy,
neuropathy, peripheral artery disease, and reduced quality of life [10,11]. Moreover, day-to-
day variability, low patient compliance and progressive micro and macrovascular risks
mandate further investigations to formulate long term controlled release basal insulin
delivery systems [12].

Polymeric delivery systems have been investigated extensively for controlled release of
therapeutics. Copolymers composed of hydrophobic (PLA) and hydrophilic (PEG) blocks
have been optimized in multiple studies to obtain diffusion-controlled release tailored to
specific needs [13-17]. Subcutaneously injectable in situ gel forming delivery systems have
also demonstrated prolonged sustained release clinically with good compliance and
reproducible release profile [18,19]. Copolymers with varying lengths of hydrophilic (PEG,
PGA) and hydrophobic (PLA, PLGA) blocks can be optimized to demonstrate aqueous
solubility, amphiphilicity, and phase-transition ability in response to temperature [20].
Moreover, PLA-PEG-PLA based /in situ gel forming systems have demonstrated ease of
formulation, optimization and administration in multiple investigations along with
biocompatibility and biodegradability, making them promising candidates for controlled
release of basal level insulin [13,14]. In the previous work from our group, we have shown
the capability of zinc and chitosan to improve the thermostability and release profile of
insulin from poly(D,L-lactide)-poly(ethylene glycol)-poly(D,L-lactide) (PLA-PEG-PLA,
4500 Da) based delivery system. It was observed that chitosan-zinc-insulin complex released
insulin at a controlled rate achieving relatively peak-free glycemic control of ~ 63 days in
streptozotocin (STZ)-induced type 1 diabetic rats. However, high burst release, higher than
normal serum basal insulin concentration (> 40 mU/L) and shorter /n vivo release compared
to /n vitro were observed which were major limiting factors for clinical progress. Continued
investigations with varying chain length of chitosan [11], studying copolymer degradation
over time [7,11], and different fatty acid chain length modifications of chitosan (not
reported), have been monumental in optimizing the delivery system reported in this study.
Examination using varying chain lengths of chitosan showed fast degradation of copolymer
matrix with increasing chain length of chitosan (200 kDa, large hydrophilic polymer)
implying formation of larger pores during release of large hydrophilic complexes, and slow
copolymer degradation with sustained insulin release profile using smaller chain length
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chitosan (5 kDa, small hydrophilic polymer). It is well understood that the nature of the
incorporated material plays a crucial role in the release characteristics through such
copolymeric delivery systems [21]. Additionally, PLA/PEG/PLGA based thermogels attain a
domain structure (core-shell) with hydrophilic PEG chains forming the shell of the micelles
and hydrophobic PLA chains forming the core of the micelles. Hydrophilic and hydrophobic
molecules are assumed to partition between the hydrophilic and hydrophobic domains,
where initial release relates to a diffusion-controlled phenomenon from the hydrophilic
domain followed by degradation-controlled release from the hydrophobic domain, which has
not yet been successfully explored [10]. Moreover, hydrophobic modification of chitosan
may also be helpful in improving storage stability of insulin inside the gel depot by
excluding water from the proximity of the chitosan-zinc-insulin complexes. Along with this,
use of a relevant, clinical-product control (long-acting insulin, glargine) and monitoring
diabetes complications frequent with multiple daily administration are essential
requirements for preclinical evaluations.

In the present study, we have explored hydrophobic modification of chitosan-zinc-insulin
complexes to allow formation of a depot inside the hydrophobic core of the copolymeric
micelles thereby promoting dominance of diffusion-controlled release for a prolonged
duration and protection from hydrophilic degradation. Depot-in-depot formation further
allows for low burst release and slow diffusion from the copolymeric matrix thereby
allowing sustained maintenance of physiologically relevant basal insulin release. Stability of
insulin was improved by formation of zinc-insulin hexamers. Hexameric form of insulin was
further stabilized by electrostatic complex formation with chitosan polymers. Thermal
stability and electrostatic complex formation of insulin were studied using nano differential
scanning calorimetry (nano DSC) and isothermal calorimetry (ITC), respectively.
Conformational and chemical stability of insulin was assessed using circular dichroism
spectroscopy (CD) and reversed phase high performance liquid chromatography (RP-
HPLC), respectively. Biocompatibility (/n vitroand in vivo) along with immunogenic
potential of the insulin released was determined. /n vivo bioactivity was assessed in STZ-
induced type 1 diabetic rat model. Daily administration of insulin glargine (U100), was used
as marketed clinical-product control. Efficacy of the delivery system in achieving healthy
blood glucose level and preventing complications were assessed by monitoring body weight,
blood glucose level, ketone body formation, and cataract formation [22].

2. Materials and methods

2.1. Materials

Human recombinant insulin (Cell Prime™ r-insulin) was obtained from Millipore
Corporation (MA, USA). Zinc acetate (anhydrous) was purchased from Alfa Aesar, (MA,
USA). Chitosan (5 kDa, ~10% degree of acetylation) was purchased from Glentham Life
Sciences (WIL, UK). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydrochloride
(EDC.HCI) was procured from Creosalus Inc. (KY, USA). 2,4,6-Trinitrobenzenesulfonic
acid solution (TNBSA) and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(MTT) were purchased from Sigma-Aldrich (MO, USA). N-hydroxysuccinimide (NHS) was
procured from Alfa Aesar (MA, U.S.A.). Oleic acid was purchased from Spectrum Chemical
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(NJ, USA). Streptozotocin was procured from Enzo Life Sciences (NY, USA). MicroBCA
protein assay kit was bought from Pierce Biotechnology Inc. (Rockford, IL, USA). Human
insulin ELISA kit was purchased from Mercodia (Uppsala, Sweden). Rat Immunoglobulin G
(1gG) was obtained from Alpha Diagnostic International (TX, USA). Human embryonic
kidney (HEK 293) cell line, Dulbecco’s modified Eagle’s medium (DMEM) and phosphate
buffered saline (PBS) were purchased from American Type Culture Collection (ATCC,
Rockville, MD, USA). All other reagents were purchased in analytical grade and used
without any modification.

2.2. Synthesis and characterization of oleic acid grafted chitosan polymer

Oleic acid grafted chitosan oligosaccharide polymer (OA-g-CSO) was synthesized using
carbodiimide mediated coupling reaction as described in our previous work with slight
modifications [23]. Briefly, deionized (DI) water acidified to pH 5.0 using glacial acetic acid
was used to dissolve CSO to a final concentration of 50 mg/mL. OA (0.3 or 0.6 mol/mol of
free amino group per monomer unit of CSO) was dissolved in 1 mL of ethanol. EDC.HCI (5
mol/mol of oleic acid) and NHS (5 mol/mol of OA) were added to the OA solution followed
by stirring on a magnetic stirrer to allow complete mixing. After 20 min, the mixture of
activated OA in ethanol was added dropwise to CSO solution under constant stirring. The
reaction was continued at 25 °C for 12 h. The resultant product was dialyzed using 1 kDa
molecular weight cut off dialysis membrane (Thermo Scientific, IL, U.S.A.) against
deionized water for 24 h to remove water soluble by-products, followed by lyophilization to
remove water. The freeze-dried product was washed thrice by mixing it with ethanol and
filtration through 0.2 um nylon filter paper. The precipitate was vacuum dried to obtain the
OA-g-CSO polymer. OA conjugation on CSO was confirmed using proton nuclear magnetic
resonance (*H NMR) and fourier-transform infrared spectroscopy (FT-IR) techniques.
Percent conjugation of OA was quantified using trinitrobenzene sulfonic acid (TNBSA)
reagent.

For 1H NMR experiments, CSO and OA-g-CSO polymer solutions were prepared in
deuterium oxide containing 1% deuterated acetic acid at a concentration of 20 mg/1.2 mL.
1H NMR spectra were recorded using a 400 MHz Bruker spectrometer at 25 °C (32 scans
and 1.5 s delay) and analyzed using Bruker TopSpin software (version 3.2.b.69). Thermo
Scientific Nicolet iS-10 was used to record the FT-IR spectra of polymer samples. Samples
were placed on the diamond crystal iTX accessory and scanned using the parameters set to
0.482 cm™1 data spacing, 4.0 resolution, and 64 scans. Background scans were recorded by
scanning cleaned diamond crystal accessory before each sample analysis. OMNIC (version
9.3.30, Thermo Scientific) software was used for data analysis following subtraction of
background scan from sample scan. Percentage of fatty acid conjugation was determined
using TNBSA, a sensitive bio-reagent for quantitative determination of free amine groups.
Briefly, 0.2 mg/mL sample solution was prepared in sodium bicarbonate buffer (0.1 M, pH
8.5) in a glass vial. TNBSA reagent (0.02% w/v, 0.25 mL) was added to 0.5 mL of each
sample and mixed well. The solution was incubated at 37 °C for 2 hours followed by
addition of 0.125 mL of 1N HCI to each sample. Absorbance was measured at 335 nm using
a spectrophotometer. Six replicates were performed for each sample. CSO polymer without
any grafting was taken as control. Percentage grafting was determined using equation 1.
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GR% = (1 = Atest/ Acontrol) X 100% (@)

Where, Ast IS average recorded absorbance of OA-g-CSO polymer and Acontrol 1S the
average recorded absorbance of the CSO polymer without any grafting.

2.3. Calorimetric investigation of insulin modified using zinc and chitosan

2.3.1. Nano differential scanning calorimetry analysis for determining
thermal stability—Thermal transition of insulin before and after preparation of zinc-
insulin hexamers and electrostatic complexes with CSO polymer was determined using nano
DSC (TA Instruments, USA). Zinc-insulin hexamers were formed by addition of zinc acetate
dissolved in 10 mM HClI to insulin solution dissolved in PBS, 10 mM, pH 7.4, at 25 °C with
mild shaking for about 10 min. Final molar ratio of zinc ions to hexamer unit of insulin was
1:5 (0.0262 mg zinc acetate per mg of insulin). Electrostatic complex formation between
zinc-insulin hexamers (net surface charge: negative) and CSO (net surface charge: positive)
was facilitated by adding CSO polymer (5 moles of free amine groups per CSO monomer
unit, per mole of hexameric insulin) to zinc-insulin hexamers and allowing incubation at 25
°C for 12 — 15 min with mild mixing. OA-g-CSO-zinc-insulin complexes with different
degree of OA grafting (25%, 45%) were prepared in identical manner. Degassed samples
were loaded into nano DSC cells. Thermograms were obtained by scanning at a rate of 1
°C/min starting from 10 — 110 °C. Reference scan measured using PBS only was used to
measure background interference and deducted from sample scan while analyzing data using
Nanoanalyze® software. Amount of different CSO polymers used, calculated based on free
amino groups available to form electrostatic complexes with zinc insulin hexamers in 5:1
molar ratio, was considered during data analysis. Transition curve were fitted using two-state
scaled model.

2.3.2. Isothermal calorimetry analysis for determining binding interactions—
Effect of hydrophobic modification on CSO polymer, on electrostatic complex formation
with zinc-insulin hexamers was determined using isothermal calorimetry technique using
nano ITC (TA instruments, USA) thermostated at 25 °C. Enthalpy, binding, and
stoichiometry of interaction between zinc-insulin hexamers and OA-g-CSO polymers was
studied using zinc-insulin hexamers, 2 mg/mL as titrand in 1 mL cell volume sample cell,
and chitosan polymer solution 1.2 mg/mL as titrant in a Hamilton glass syringe. Both
samples were prepared in PBS, 10 mM, pH 7.4. Reference cell was filled with PBS only.
Titration proceeded as 10 pL injections, at 400 s intervals, into the sample cell while
continuous stirring at 250 rpm. Blank titration of polymer solution titrated into PBS alone
was used to assess heat of dilution and was subtracted during data analysis to determine net
binding heat changes. Data analysis for 25 consecutive injections was performed using
Nanoanalyze® software.

2.4. Formulation of delivery systems

Triblock copolymer PLA-PEG-PLA (1500-1500-1500, 4500 Da) was used as the thermogel
selected based on promising results from previous studies [14]. Synthesis of copolymer was
performed using ring opening polymerization method with reactants D, L lactide and PEG
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catalyzed by stannous octoate in nitrogen atmosphere as discussed earlier [24]. Structural
composition was determined using H and 13C NMR and molecular weight distribution was
assessed using gel permeation chromatography (GPC) as previously determined [24]. Phase
transition of aqueous copolymer solution from solution to gel to precipitate forms in
response to temperature was determined using tube inversion method and has been reported
in our earlier studies [24]. Formulations were prepared by mixing insulin, zinc-insulin
hexamers, CSO-zinc-insulin complexes or OA4504)-g-CSO-zinc-insulin complexes, in
copolymeric solution (35% wi/v in PBS) followed by vortex mixing as described earlier [24].
Briefly, zinc acetate was added to insulin dissolved in PBS to obtain hexameric form of
insulin at five molar ratio of zinc ions per insulin hexamer. CSO or OA 459;)-g-CSO-zinc-
insulin complexes were prepared by adding CSO polymer to zinc-insulin hexamers at 25 °C
for 15 — 20 min with mild intermittent mixing. Amount of CSO polymer added was
calculated by molar basis of free amino groups on CSO monomer per mole hexamer at ratio
5:1. Zinc-insulin hexamers, CSO-zinc-insulin or OA-g-CSO-zinc-insulin complexes were
collected following centrifugation for 10 min, at 4 °C and 3,000 rpm. The precipitates were
homogenously suspended in copolymer solution to obtain the final formulation. Free/non-
complexed insulin was quantified in the supernatant using bicinchoninic acid protein assay
kit. Phase transition and syringe-ability of the final formulation was confirmed using tube
inversion method and injection through a 25G needle, respectively (Figure S1).

2.5. Studying release profile of insulin in vitro

Release profile of different copolymeric formulations was determined in a temperature-
controlled water bath set at 37 °C with horizontal agitation of 35 rpm. Comparison of
formulation prepared using either free insulin, zinc-insulin hexamers, CSO-zinc-insulin
complexes or OA-g-CSO-zinc-insulin complexes was performed. Formulations (0.5 mL)
were injected into borosilicate glass tubes (tube length 100 mm, tube length 13 mm, round
bottom, with polytetrafluoroethylene rubber-lined screw caps) and incubated at 37 °C water
bath to allow phase transition to a gel depot. PBS (5.0 mL, 10 mM, pH 7.4, 37 °C) was
added as release medium. Tubes were tightly closed during the study to prevent evaporation
of release medium. Samples (1 mL) of release medium were aliquoted at regular intervals
from the center of the tube followed by replacement with fresh pre-warmed PBS (1 mL).
Insulin released was assayed using bicinchoninic acid protein assay kit and cumulative
amount of insulin released over time was calculated following concentration correction [25].

2.6. Stability studies

2.6.1. Analyzing stability of insulin released from delivery system—Insulin
released from optimized formulation 7 vitro was further investigated for thermal stability
using nano DSC, chemical stability using RP-HPLC, and conformational stability using CD
spectroscopy. Nano DSC was used to check the thermal transition midpoint temperature and
enthalpy change of released insulin as mentioned earlier. Chemical stability was determined
by RP-HPLC using Agilent 1120 compact LC system using chromatographic conditions
presented in table 2. Data acquisition and analysis was performed using EZChrom Elite™
3.3.2 software (Agilent, CA, USA). CD spectroscopy was used check the tertiary and
secondary structural stability by observing the sample spectrum in near-UV region (250 —
300 nm) and far-UV region (200 — 250 nm), respectively. Scans were performed at a rate of
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5 nm/min at 20 °C using a 0.1 cm path length quartz cuvette. Fresh PBS scan was subtracted
from the sample scan prior to data analysis to remove any background interference. Spectra
manager®?2 software provided with the instrument was used for analysis of spectrum and
secondary structure estimation.

2.6.2. Assessing stability of insulin in formulation during storage—Long-term
storage stability of insulin in optimized formulation was also determined. Final formulation
samples (1 mL aliquots) were stored in clear borosilicate glass-sample vials, tightly closed
and sealed with paraffin film under ambient conditions. Samples were analyzed following 1,
3, 6 and 9 months of storage at 4 °C in a refrigerator. Combination of PBS and acetonitrile
(1:1 v/v) was used to extract insulin from stored copolymer formulations followed by
analysis using nano-DSC, RP-HPLC and CD spectrophotometer as specified in previous
sections.

2.7. Biocompatibility of delivery system

2.7.1. Invitro Biocompatibility—Biocompatibility of the copolymer with and without
OA-g-CSO polymer was tested /n vitro in fibroblast cells (3T3-L1) and human embryonic
kidney cells (HEK-293). 3T3-L1 cells were used to mimic cyto-compatibility with the cells
populated in the subcutaneous skin layer, and HEK-293 cells were used as a sensitive and
robust cell culture model for testing cyto-compatibility of copolymer and its degradation
products [13,26]. Copolymer solution (0.5 mL, 35% w/v in PBS) with and without OA-g-
CSO was extracted into PBS (10 mM, pH 7.4, 5 mL) following 10-day incubation at 37 °C
to mimic accumulation of copolymer degradation products at physiological temperature.
Extraction was also performed at 70 °C to mimic long-term accumulation of copolymer
degradation products since the degradation rate of PLA/PEG based copolymers is increased
at higher temperature. Cells were plated in 96-well plates and allowed to attach.
Copolymeric extracts were further diluted using serum-free DMEM followed by incubation
with the cells for 24, 48, or 72 hours. Post-incubation, MTT dye was used to quantify the
relative cell viability. Untreated cells and cells treated with formalin buffer were taken as
negative and positive control, respectively. Relative cell viability was reported and was
calculated using following equation 2.

CeHViabilitY(%) = (Atreated/ Auntreated) x 100 )

Where, Areated 1S average recorded absorbance of cells treated with dilutions of polymer
extract and Ayntreated 1S the average recorded absorbance of cells in the control wells that
were incubated with serum-free DMEM only.

2.7.2. In vivo biocompatibility—/n vivo biocompatibility of the formulation was
evaluated by injecting 0.5 mL of the delivery system or saline subcutaneously in the dorsal
neck region of rats. The depot-site was monitored regularly by visual examination. The rats
were sacrificed at 1, 7, 30, 90 days’ post s.c. administration, followed by excision of the
subcutaneous tissue surrounding the injection site and fixing them in 10% neutrally buffered
formalin. Histological analysis was performed using tissue sections of 5um thickness stained
with hematoxylin eosin (H&E) and Gomori’s trichome stains for visualization of
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inflammatory cells and presence of collagen deposition, respectively. Subcutaneous tissue
collected from rats without any injection and post-injection with 5% (v/v) neutral buffered
formalin were taken as negative and positive controls, respectively.

2.8. Invivo insulin release and bioactivity

Animal study protocol and experiments were reviewed and approved by the North Dakota
State University Animal Care Use Committee (IACUC). Male Sprague-Dawley rats
weighing 180 — 200 g were used in this study. Rats were housed in a temperature-controlled
facility maintained at 12 h light-dark cycle with ad /ibitum access to food and water. At the
end of the study rats were euthanized using CO5 asphyxiation.

2.8.1. Type-1 diabetes induction—After acclimatization to the housing conditions,
single dose of STZ (55 mg/kg body weight) prepared fresh each time in ice cold citrate
buffer (0.1 M, pH 4.5), was injected intraperitoneally for diabetes induction. Post-injection
rats were housed in groups of two per cage and provided with 5% (w/v) sucrose solution in
drinking water to counteract the potential risk of hypoglycemia expected by massive insulin
release under the influence of STZ. One-week post STZ injection blood glucose levels were
measured following 12 h overnight fast. A lancet was used to obtain a drop of blood (< 20
uL) tested using Contour®Next blood glucose meter and glucose testing strips (Ascensia
Diabetes Care, NJ, USA). Animals which demonstrated fasting blood glucose levels higher
than 200 mg/dL were considered diabetic and were randomly assigned to the treatment
groups (Groups Il — V1I) as described in table 3.

2.8.2. Formulation administration—Assuming basal insulin requirement of 0.5
IU/kg/day, a total dose of 45 1U/kg body weight enough for 90 days was selected for
controlled basal insulin release. Rats without any treatment were used as healthy control
(Group ). STZ treated diabetic rats without any insulin treatment were taken as negative
control (Group I1). Group Il was injected s.c. with a single dose of insulin solution (0.5
IU/kg) dissolved in PBS (10mM, pH 7.4). Group IV was injected s.c. with once-daily
glargine (Lantus® U-100) at a dose of 0.5 1U/kg/day for 90 days. Group V — VII were
injected s.c. with a single dose of copolymeric formulation incorporating either free insulin,
CSO-zinc-insulin complexes or OA-g-CSO-zinc-insulin complexes, injected s.c. at the
dorsal neck region using a 25 G needle (Table 3).

2.8.3. Blood sampling and quantification of serum insulin level—Blood
sampling was performed on overnight fasted rats using tail vein puncture. Blood samples
were allowed to coagulate for 30 min at room temperature and serum was collected
following centrifugation at 2000 g for 10 min at 4 °C. Insulin was quantified using human
insulin enzyme linked immunosorbent assay (Mercodia Human Insulin ELISA (Uppsala,
Sweden) Catalog# 10-1113-01) using manufacturer’s protocol.

2.8.4. Determination of blood glucose and ketone levels—Blood glucose levels
were measured 12 h overnight fasting using Contour®Next blood glucose meter and glucose
testing strips. Blood ketone levels were measured similarly at 1, 2, and 3-month interval
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analyzed using Precision Xtra® blood ketone meter and ketone testing strips (Abott
Diabetes care, CA, USA).

2.8.5. Determination of cataract formation—Cataract formation in rats was
determined visually and considered partial for strong nuclear cataract formation with
perinuclear area opacity (< 75%), and complete for total opacity of lens [27,28].

2.8.6. Determination of body weight—Body weight of the animals before and after
STZ-treatment and following insulin treatment was noted regularly over the entire study
duration.

2.8.7. Detection of anti-insulin antibodies—Rat serum samples collected after 1, 2
and 3 months after treatment were analyzed for rat anti-insulin IgG antibodies using indirect
ELISA (Alpha Diagnostic International (TX, USA), Catalog# 3750-RIG) using
manufacturer’s protocol.

2.9. Statistical analysis

Data obtained are presented as mean * SD. Statistical analyses were performed using two-
tailed unpaired student’s t-test and one-way ANOVA with post-hoc Tukey HSD test using
GraphPad Prism software (version 5.01). A p value of less than 0.05 was considered to be
significant. For sound statistical analysis of the results, six animals will be used for each
group for /n vivo studies. G*Power 3.1.9.2 calculation was performed considering small
effect size, 0.05 a error, and 0.8 test power.

Results and discussion

3.1. Synthesis and characterization of oleic acid grafted chitosan polymer

In our previous work, chain length of chitosan was found to play a crucial role in controlling
the overall size of chitosan-zinc-insulin complexes, formation of holes and tunnels in the
copolymer matrix during initial release, thereby affecting the subsequent release of
therapeutic (insulin) through the thermogel delivery system [24]. Chitosan chain length 5
kDa was found to be optimum and was selected for further investigation. OA-g-CSO
polymer was successfully synthesized using carbodiimide mediated coupling reaction. In
this reaction 1-ethyl-3-(-3-dimethylaminopropyl) carbodiimide hydrochloride (EDC.HCI)
along with N-hydroxysuccinimide (NHS) create a highly reactive intermediate upon
interaction with the carboxyl group of fatty acid. The intermediate acylisourea ester then
reacts with primary amine group of CSO to form peptidyl bond with the elimination of a
water molecule. OA grafting on CSO backbone was characterized using 'H NMR and FT-IR
spectroscopy as shown in figure S2 and figure S3, respectively. IH NMR spectra of both
CSO and OA-g-CSO polymers showed resonance corresponding to N-acetylglucosamine,
glucosamine residue, ring protons at 1.9, 3.0, and 3.4 — 3.8 ppm, respectively. Additionally,
OA-g-CSO polymer showed peaks corresponding to methyl (~CHs) and methylene (-CH»-)
groups of OA residue at 0.8 — 1.1 ppm, and amide bond associated methylene protons at 2.5
ppm. FT-IR spectra of both CSO and OA-g-CSO polymers showed absorption peaks at 1655
cm-1, 1585 cm™1 and 1470 cm™1 which can be correlated stretching of carbonyl moiety on
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secondary amides, N-H bending vibrations of non-acylated primary amines of CSO, and N-
H bending vibrations secondary amide band, respectively. OA-g-CSO polymers
demonstrated absorption peaks at 2850 — 2950 cm~1 which can be suggested owing to the
presence of methylene groups on OA. Moreover, with increased grafting percentage
absorption intensity of peak at 1470 cm~ decreased while at 1655 cm™t and 1585 cm™1,
were found to be increased. Grafting efficiency of OA onto CSO backbone was determine
using TNBSA bio-reagent. TNBSA reacts with primary amine groups to form a highly
chromogenic derivative (N-trinitrophenylamine) which can be quantified using absorption
spectroscopy [29,30]. OA-g-CSO polymers with 25 + 0.2 % and 45 £ 0.5 % grafting
percentage were selected for further characterization in this study.

3.2. Calorimetric investigation of insulin modified with zinc and chitosan

Effect of addition of zinc, CSO and OA-g-CSO polymers on the association state and
thermal stability of insulin were investigated using nano DSC. Transition midpoint
temperature (Tm) and transition enthalpy (AH) was determined for respective association
state of insulin as summarized in table 4. The DSC thermogram obtained shows transition of
free insulin monomers at Tmq 51.87 £ 0.23 °C and insulin dimers at Tm, 62.81 + 0.29 °C
(Figure 1) [31,32]. Addition of zinc ions allows association of three insulin dimers to form
zinc-insulin hexamer with significantly improved thermal stability indicated by a higher Tm
value of 72.57 £ 0.19 °C. Neutron crystallographic analysis suggests zinc-insulin hexamers
have a net negative charge at physiological pH [33]. CSO polymer, which is positively
charged at physiological pH, stabilizes the hexameric form of insulin by forming
electrostatic complex with negatively charged zinc-insulin hexamers resulting in
significantly improved thermal stability of insulin as indicated by higher Tm value ~ 86 °C.
OA modification of CSO demonstrated lower Tm and AH values indicating somewhat lower
thermal stability of insulin upon complexation with OA-grafted-CSO compared to CSO
polymer. This could be attributed to reduced positive charge on CSO backbone and weaker
electrostatic complex formation between OA-g-CSO and zinc-insulin hexamers. The
complex formation between OA modified CSO polymers and zinc-insulin hexamers was
further studied using ITC.

Isothermal analysis was performed to quantitatively determine binding affinity between
zinc-insulin hexamers and hydrophobically modified CSO. Integrated net binding heat
changes obtained using different grafting ratio of OA onto CSO polymer interacting with
zinc-insulin hexamers is shown in figure 2. Electrostatic interaction between CSO polymer
and zinc-insulin hexamer results in an exothermic reaction. Each subsequent injection of
CSO polymer into the sample cell resulted in interaction with zinc-insulin hexamers
neutralizing the negative charge indicated by reduced heat changes. Thermodynamic
parameters of the respective interactions are summarized in table 5. The ITC thermogram for
unmodified CSO titrated into zinc-insulin hexamers corresponded to higher binding constant
(k) and more exothermic heat changes (AH) compared to OA-g-CSO polymers, indicating
high binding affinity and stronger electrostatic complex formation between CSO and zinc-
insulin hexamers. This effect was well correlated to that observed using nano-DSC
demonstrating higher transition enthalpy for CSO-zinc-insulin complexes (Table 4). This
effect may be explained by reduced number of free amino groups upon OA grafting on CSO
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resulting in weaker ionic interaction between OA-g-CSO polymer and zinc-insulin
hexamers. Free CSO polymer forms stronger electrostatic complex owing to higher positive
charge density compared to OA-modified CSO polymer. Furthermore, increase in OA
substitution may lead to reduced value of binding constant and enthalpy of complex
formation which may result in comparatively lower temperature-associated stability of
insulin. Hence, OA modification of CSO can have detrimental effect on electrostatic
complexes formed between CSO and zinc-insulin hexamers which may ultimately play a
crucial role in the overall stability and release of insulin from such complexes. However, OA
grafting up to 45% showed comparable binding affinity to unmodified CSO indicating stable
electrostatic interactions between OA-g-CSO polymer and zinc-insulin hexamers, which
would play an essential role in maintaining insulin in a stable form throughout the duration
of release and storage.

3.3. Studying release profile of insulin in vitro

Cumulative release profile of insulin, zinc-insulin hexamers, CSO-zinc-insulin complexes
and OA 450,)-9-CSO-zinc-insulin complexes incorporated in thermosensitive copolymer
solution is shown in figure 3. Free insulin incorporated in thermogel copolymer
demonstrated a high early burst release (15.2 + 2.2%) owing to the immediate release of
hydrophilic insulin molecules present at the surface of the copolymeric depot. Formation of
zinc-insulin hexamers and CSO-zinc-insulin complexes significantly reduced initial burst
release to 10.1 + 1.3% and 5.1 £ 0.7% respectively, compared to free insulin, from their
respective thermosensitive copolymeric delivery systems. This was observed due to the slow
movement of larger zinc-insulin hexamers and CSO-zinc-insulin complexes through the
copolymer depot. Hexamer formation with zinc reduces overall hydrophilicity of the
incorporated insulin reducing burst release, restricting diffusion and controlling the rate of
release of insulin from the copolymeric depot for ~ 49 days in comparison to free insulin
which shows release up to 28 days. Both free insulin and zinc-insulin hexamers containing
formulation demonstrated a secondary burst release at 14 and 28 days, respectively. This is
observed due to the faster release of incorporated insulin upon breakdown of the PLA
chains. However, addition of CSO to the copolymeric depot minimizes secondary burst
release and demonstrates constant release of insulin at a sustained rate for up to 70 days.
This phenomenon is attributed to the buffering action of CSO polymer which resists pH
change in its microenvironment, helping in reducing degradation rate of the copolymer and
resulting in extended insulin release for a longer duration [23]. OA-g-CSO-zinc-insulin
complexes further extended the rate of insulin release up to 80 days. As mentioned earlier,
PLA-PEG-PLA copolymer would attain a domain structure with a hydrophobic core and
hydrophilic shell [34]. Hydrophobic modification of insulin by preparing OA-g-CSO-zinc-
insulin complexes allows for its incorporation into the hydrophobic domain of PLA-PEG-
PLA copolymer micelles. This results in slow diffusion of incorporated complexes
throughout the degradation dominant stage resulting in significantly reduced burst release of
insulin (3.8 £ 1.7%) followed by sustained release profile for a prolonged period. Slow
diffusion of insulin combined with buffering action of CSO polymer can together help
achieve zero-order release profile of insulin relevant for providing physiological basal
insulin needs.
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3.4. Stability studies

3.4.1. Analyzing stability of insulin released from delivery system—Structural
and conformational stability of insulin is pertinent to its biological activity. Insulin is a small
globular protein that is present in nature in different oligomeric forms, mainly monomers,
dimers, and hexamers. Insulin in its monomeric form is susceptible to denaturation and fibril
formation while dimers and hexamers are more stable. Therefore, stabilization of insulin
hexameric structure is an effective means of improving insulin stability and counteracting
fibril formation [35]. Conformationally, insulin comprises of higher order structures and
alteration in its primary, secondary, tertiary or quaternary structure greatly influences its
biological activity [36,37]. Therefore, controlled delivery systems intended for prolonged
use of protein/peptide based therapeutics must ensure structural and conformational stability
as well as prevention of denaturation and aggregation of cargo protein [37,38]. Increasing
the chain length of hydrophobic PLA block in PLA-PEG-PLA triblock copolymer allows for
lower water content in the gel [34]. This further protects the incorporated insulin from
degradation and/or aggregation inside the depot. CD spectrum recorded in the near UV
region (250 — 300 nm) measures differential absorption of left and right circularly polarized
light by aromatic amino acid side chains (phenylalanine, tryptophan, tyrosine) providing an
estimate of tertiary structure of a protein [39]. Fresh insulin sample scan demonstrated a
peak at ~ 273 nm depicting stable tertiary structure of insulin (Figure 4A). Spectrum
obtained by scanning insulin samples released up to 90 days showed strong CD signal ~ 273
nm representing stable tertiary structure of insulin. Presence of secondary structural
components (a helix, B sheets, and random coils) determined using CD can be used to
evaluate conformational stability of proteins/peptides including insulin [14,40-42].

CD spectrum in the far UV region (200 — 250 nm) provides an estimation of secondary
structural features of insulin [39]. Scanning freshly prepared insulin solution in the far UV
region demonstrates two minima at ~ 208 and 225 nm indicating presence of a helices (34.6
+ 1.7 %) and B sheets (4.8 + 3.3 %) (Table S1). Insulin released from copolymeric depot
demonstrated strong peaks at 208 and 225 nm confirming the ability of OA-g-CSO-zinc-
insulin complexes in preserving conformational stability of insulin during the overall period
of release (Figure 4B). /n vitro assessment of thermal stability of insulin can be performed
using nano-DSC, such as determination of association state and folding/unfolding
temperature. DSC thermogram of samples of insulin released /n vitro from OA-g-CSO-zinc-
insulin complexes incorporated in thermosensitive copolymer depot demonstrated Tm values
corresponding to the transition of OA-g-CSO-zinc-insulin complexes at initial time points,
which later dissociated to zinc-insulin hexamers upon dilution (Figure 4C). High Tm values
indicate prevention of aggregation of zinc-insulin hexamers in the depot when complexed
with OA-g-CSO, allowing it to be released in a stable form for up to 90 days [13,14,43,44].
Furthermore, detection of proteins and peptides and their degradation/aggregation products
using RP-HPLC, is an effective tool for assessing their chemical stability. RP-HPLC is a
versatile and reliable technique that enables detection of both covalent and non-covalent
aggregates at low concentration based on their affinities towards a n-alkyl silica-based
stationary phase, and an organic solvent mobile phase (e.g. acetonitrile) containing a strong
ion-pairing agent (e.g. trifluoroacetic acid, TFA) to improve retention in the column. In this
study, analysis of insulin released at 1, 30, 60 and 90 days using RP-HPLC showed retention
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of stable insulin ~ 11.6 min comparable to retention of freshly prepared insulin solution
(standard) (Figure 4D). Moreover, in our previous studies Native-PAGE, SDS-PAGE and
MALDI-TOF MS analyses have been performed to demonstrate stability of insulin and
identification of its degradation products following release from PLA-PEG-PLA
(1500-1500-1500, 4500 Da) polymeric formulations and inside the gel during storage and
release [43].

3.4.2. Assessing stability of insulin in formulation during storage—Depot-in-
depot formation of OA-g-CSO-zinc-insulin complexes in PLA-PEG-PLA copolymer
micelles reduces their interaction with the hydrophilic domain allowing for improved
stability and shelf-life of such delivery systems [45,46]. Additionally, positively charged
OA-g-CSO polymer forms electrostatic complex with negatively charged zinc-insulin
hexamers and stabilizes the insulin in hexameric form further improving its stability [14,42].
Insulin extracted from stored copolymer formulations showed stable tertiary and secondary
structure in the near and far-UV region of CD spectrum after 1, 3, 6 and 9 months of storage
at 4 °C (Figure 5A and 5B). Nano-DSC and RP-HPLC of the extracted insulin samples also
demonstrated the presence of insulin in stable form as compared to freshly prepared
standards up to 1, 3, 6, and 9 months’ post storage at 4 °C (Figure 5C and 5D). These
analyses demonstrate the exceptional ability of PLA-PEG-PLA copolymer and complex
formation with CSO in preserving the structural and conformational stability of insulin in
the prepared formulation for storage up to 9 months in refrigerated conditions.

3.5. Invitro and in vivo biocompatibility

This study was designed to evaluate the effect of short and long-term accumulation of PLA-
PEG-PLA triblock copolymer with and without OA-g-CSO polymer by determining the
effect of their degradation products on 3T3-L1 fibroblast cells and HEK 293 cells. Although
copolymers constituting PLA and PEG are widely researched to be biodegradable and
biocompatible, their long-term accumulation at the depot site needs to be investigated to
demonstrate their safety for prolonged and/or repeated use [47-49]. OA-g-CSO polymer was
also added to aqueous copolymer formulation while assessing the biocompatibility of the
delivery system. Insulin and zinc were not included in this study owing to their effect on
cellular properties such as cell proliferation which may interfere with distinctly assessing
cytotoxic effects of the copolymeric delivery system [50,51]. In this study, both 3T3-L1 and
HEK-293 cells showed good cytocompatibility post incubation with copolymer extracts with
and without OA-g-CSO polymer (Figure 6). It was noted that the presence of OA-g-CSO
polymer improved cell viability, which can be associated with the cell proliferative and
wound healing properties of CSO [52]. Longer incubation period up to 48 and 72 h as well
as extraction of copolymer at higher temperature (70 °C), both resulted in increased viability
in both cell types indicating the positive contribution of copolymer degradation products in
cell proliferation and viability. This is suspected to occur due to the consumption of
copolymer degradation products via citric acid cycle leading to higher mitochondrial activity
and cellular metabolism [53]. However, in vivo biocompatibility is a much more complex
phenomenon. Various natural, synthetic and semisynthetic materials have been used for
manufacturing implantable devices [54]. The major concern following such implantation is

J Control Release. Author manuscript; available in PMC 2021 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sharma and Singh

Page 15

foreign body response resulting from the tissue injury due to implantation along with the
continued presence of the implant in the region.

PLA-PEG-PLA based copolymers have an added advantage of being easily injectable,
formation of /n situ depot at injection site, and aqueous solubility avoiding the use of
harmful organic solvents which can damage the incorporated drug substance as well as
cause pain/irritation upon administration. The presence of PEG chains forms an outer corona
on these copolymeric micelles contributing to their low immunogenicity [55]. Additionally,
PLA-PEG-PLA triblock copolymers show simulated mucin like action (mucomimetic
characteristics) along with pliability which helps in reduced mechanical irritation from such
thermogel depots [56,57]. Treatment of a chronic disease like type-1 diabetes requires all
components of the delivery system intended for treatment to be biocompatible for long-term
use. To determine the biocompatibility of the PLA-PEG-PLA copolymer incorporating OA-
g-CSO-zinc-insulin complexes in vivo, the depot was regularly observed and the
subcutaneous tissue surrounding the injection site was excised and analyzed for
inflammatory response. The chief stages of this process include short lived (few days) acute
inflammation, which is mainly an attempt by the body to clear the foreign substance using
hemodynamic forces like vascular dilation providing excess blood flow to the site, formation
of a fibrin clot, permeation of salts, protein and water to cause edema, and infiltration and
accumulation of numerous blood and tissue proteins including cytokines, growth factors and
leukocytes. The tissue samples collected 1-day post administration show increased
accumulation of inflammatory mediators (Figure 7G). This accumulation is similar to that
observed in the control group injected with same volume of saline (0.5 mL) (Figure 7C).
Positive control group injected with 5% (v/v) of formalin buffer shows much higher
accumulation of inflammatory factors due to the relatively higher irritation and activation of
foreign body response (Figure 7B). Continued inflammatory stimuli results in a chronic
inflammatory response which proceeds by restructuring of the injection area by proliferation
of blood vessels, connective tissue, fibroblasts and endothelial cells leading to conversion of
initially formed fibrin clot to a highly vascularized granulation tissue, surrounding the
implant. However, in the tissue excised 7-day post administration no such formation was
observed in the tissue surrounding the implant (Figure 7H). Eventually active fibroblasts
produce collagen and proteoglycans replacing the granulation tissue with extracellular
matrix. Well defined collagen fibers form a fibrous wall around the implanted device and
confines it from entering the surrounding tissue. Gomori’s trichrome stain was used to
determine the nature and presence of collagen deposition at the administration site. In our
experiments, it was noted that the collagen deposition at the site of injection was increased
initially (day 30), indicated by high intensity of stained collagen fibers (Figure 7L).
However, the collagen density at the end of the study was comparable to control, with no
sign of residual scar tissue. The connective and muscular tissues surrounding the injection
site appeared to be normal with no morphological changes compared to control, thus
confirming the biodegradable and biocompatible nature of the delivery system.

3.6. Invivo insulin release and bioactivity

The overall aim for insulin therapy is to improve pharmacokinetic (PK) profile to obtain
pharmacodynamic (PD) effects closely resembling insulin release and action in a healthy
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body [58,59]. Basal insulin release is estimated to be 0.1 — 0.2 U/kg/day in healthy
individuals corresponding to fasting insulin concentration < 25 mU/L [2]. Ideal requirements
of basal insulin therapy include flat PD profile, low hypoglycemic risk, and stable duration
of action. Unfortunately, current insulin options do not fulfill these essential criteria. Insulin
NPH (NPH: neutral protamine Hagedom) shows delayed absorption with an onset of 1 —4 h
and peak in 6 — 10 h, suggested as twice daily administration for basal insulin therapy,
however high inter-individual variability, short duration of activity, and risk for severe
hypoglycemia persuaded the need to develop longer-acting insulin analogues [60]. Insulin
glargine is an bioengineered insulin analogue prescribed as once-daily administration to
cover basal insulin for a 24 h period. Glargine forms precipitates in the surrounding
subcutaneous tissue after injection which slowly re-dissolve delaying the absorption.
However, it fails to mimic physiological insulin secretion and require high doses to provide
24 h coverage. High variability in the PK profile in current therapy directly influences PD
effects, increasing hypoglycemic incidents due to unpredictability of insulin peaks,
fluctuating blood glucose levels and increased occurrence of diabetes complications [61-
63]. In an attempt to obtain a peak-less PK profile and reducing the frequency of
administration for basal insulin therapy thermosensitive /in situ gel forming systems have a
competitive advantage. Insulin can easily be suspended in aqueous thermosensitive
copolymer solution owing to their low critical solution temperature (LCST > 25 °C), which
upon subcutaneous administration due to the physiological temperature (35 — 37 °C) being
above their upper critical solution temperature (UCST) undergo phase transition to form a
gel depot.

As mentioned earlier, these copolymers are biocompatible, biodegradable, and help preserve
the stability of insulin inside the depot for the entire duration of release and storage.
However, for modifying this system for basal insulin delivery three critical parameters /.e.
burst release, release profile of insulin, and bioactivity of insulin released need to be
considered. The initial burst release occurs due to the rapid release of therapeutic present on
the surface of the depot. Burst release of insulin from such delivery systems needs to be
addressed to avoid hypoglycemia. Thereafter, the release of therapeutic is dependent on
diffusion through the copolymer matrix at an early stage followed by a combination of
diffusion through the copolymer and degradation of copolymer at later stage [64]. Reduction
in peaks and troughs throughout the duration of release is beneficial in mimicking
physiological insulin release. In this study, we compared the PK profile of three
thermosensitive copolymer-based formulations (Groups V, VI and VII) incorporating free
insulin, zinc-insulin hexamers and OA-g-CSO zinc insulin complexes, respectively, with free
insulin solution (single administration) and insulin glargine solution (Lantus® U-100,
repeated administration at 24 h interval) (Table 3). Insulin solution resulted in Cp,x of 61.74
+ 6.47 mU/L with Tpax 2 h followed by immediate absorption and drop in blood glucose
with its glucose lowering effect lasting for 6 — 8 h (Figure 8A). Insulin glargine showed a
relatively sustained profile of insulin release reaching peak serum concentration between 2 —
4 h and blood glucose lowering effect lasting between 18 — 20 h (Figure 8B).
Thermosensitive copolymer formulation incorporating free insulin showed a burst release of
58.13 + 5.01 mU/L in 24 h, followed by slow controlled release for 7 days and complete
release by ~ 35 days (Figure 9). Both CSO-g-zinc-insulin complexes and OA-g-CSO zinc
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insulin complexes helped reduce the burst release by ~ 4.8 fold and showed gradual increase
in serum insulin levels post administration with 19.95 + 10.88 and 12.67 + 4.07 mU/L in 24
h, respectively.

Formulation incorporating OA-g-CSO-zinc-insulin complexes demonstrated relatively stable
serum insulin levels of 21.83 + 3.29 mU/L for ~ 91 days. Formulations incorporating free
insulin and CSO-zinc-insulin complexes released insulin at a faster rate demonstrating
serum insulin levels of 19 — 65 mU/L over 28 days, and 15 — 42 mU/L over ~ 63 days,
respectively. Since the release from such thermogels is significantly affected by the nature
and size of the incorporated therapeutic, depot in depot formation by hydrophobic
modification CSO polymer contributed significantly to a sustained release profile of insulin
for an extended period [24]. Absorption of insulin is a complex phenomenon [65,66].
Association state of insulin has been regarded as the major determinant for its rate of
absorption. Biological activity of insulin is manifested by binding of the monomeric form of
insulin to the insulin receptor [67]. However, at micromolar concentration insulin monomers
self-associate to form dimers. In the presence of zinc, three insulin dimers arrange to form a
hexameric complex with reduced solubility. At physiological pH, positively charged CSO
polymer (CSO pKa 6.2 — 7) are capable of forming electrostatic complexes with negatively
charged zinc-insulin hexamers (insulin pKa ~ 5.3) stabilizing the hexameric complex and
preventing aggregation and degradation [68,69]. The complexes upon release undergo
dissociation upon dilution to release zinc-insulin hexamers, that dissociate into dimers and
finally release insulin monomers that are absorbed into systemic circulation. Slow
dissociation of insulin from the complex helps in controlled availability of insulin as well as
preserves the conformational and biological stability of insulin up till its release and
absorption. Insulin mediates its PD effects through the insulin receptor. This effect was
evaluated by monitoring blood glucose concentration in treated rats. High burst release of
insulin in diabetic rats treated with insulin solution, and free insulin incorporated in
thermosensitive copolymer solution rendered rapid lowering of blood glucose levels from ~
400 to 72 and 68 mg/dL 2 h post administration, respectively (Figure 8A and 9). This is a
serious concern and often requires immediate medical attention as glucose concentrations
lower than 60 mg/dL may lead to unconsciousness, seizures, diabetic coma or even death.
The rats were duly monitored throughout the duration of blood glucose concentration lower
than 75 mg/dL but no severe behavioral symptoms like shakiness, seizures, or abnormal
activity were noted. This could potentially be attributed to the coprophagic behavior of rats
which may have prevented development of hypoglycemic shock state [14,70,71]. CSO-zinc-
insulin complexes and OA-g-CSO-zinc-insulin complexes incorporating formulations
resulted in gradual lowering of blood glucose levels of 84 and 104 mg/dL 2 h post
administration, respectively (Figure 9). Daily 24 h administration of glargine resulted in
fluctuating blood glucose levels between 91 — 443 mg/dL. On the other hand, CSO-zinc-
insulin complexes containing formulation resulted in blood glucose levels 97 + 16 mg/dL for
77 days and OA-g-CSO-zinc-insulin complexes incorporating formulation resulted in blood
glucose levels 102 = 9 mg/dL for 91 days. There was no significant difference (P < 0.05)
between the blood glucose levels of OA-g-CSO-zinc-insulin complexes formulation group
between consecutive time intervals, and with healthy non-diabetic rats up to 63 days which
can be attributed to the slow release of insulin diffusing from the depot inside the

J Control Release. Author manuscript; available in PMC 2021 July 10.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Sharma and Singh

Page 18

hydrophobic depot of the copolymer micelles. Such release profile is extremely beneficial
for basal insulin therapy in diabetic individuals as it would prevent hyper- and hypo-
glycemic episodes, night-time hypoglycemia, and steady glucose supply in fasting
conditions for optimum physiological health and energy production. Moreover, hydrophobic
modification of CSO-zinc-insulin complexes also helped achieve better /n vitro - in vivo
correlation which may be beneficial in tailoring the system to basal insulin range between
0.5 — 1 U/h/kg for patient-based therapy.

3.7. Determination of body weight

Treatment of young adult rats with STZ produces a diabetic state characterized by reduced
body weight, polyuria, polydipsia and hyperglycemia [72]. STZ preferentially accumulates
in pancreatic beta-cells owing to the presence of glucose moiety in its chemical structure
allowing selective uptake via the GLUT-2 glucose transporter [73]. STZ then leads to DNA
alkylation, fragmentation and damage by supposedly the nitric oxide donor effect of
nitrosourea moiety which is cytotoxic thereby destroying beta-cells in pancreas [74]. Sudden
weight loss due to diabetes is a common clinical manifestation owing to insufficient insulin
production in the body preventing utilization of glucose for cellular energy production. The
body then starts burning fat and muscle cells for energy that causes reduction in overall body
weight. In all groups treated with STZ, drastic reduction in body weight was observed.
However, a gradual recovery in body weight was observed following insulin therapy.
Continuous reduction in body weight was observed in untreated (Group Il) and insulin
solution treated groups (Group I11) up to 63 days (Figure 10). Thermosensitive copolymer
formulation treated groups demonstrated significant increase in body weight compared to
untreated diabetic rats (P < 0.01) up to 16 weeks (112 days) post treatment. This can be
attributed to the PD manifestation of administered insulin in glucose utilization, maintenance
of overall health and energy balance.

3.8. Determination of blood ketone levels and cataract formation

Persistent blood sugar spikes as expected from repeated insulin administration can cause
severe complications like diabetic ketoacidocis (DKA), hyperglycemic hyperosmolar
syndrome (HHS), damage to blood vessels, nerves, and organs leading to heart disease,
stroke, nephropathy, neuropathy, retinopathy, skin infections, limb amputations, problems
with teeth and gums, all leading to reduced quality of life and high medical cost. DKA is a
life-threatening complication of diabetes which occurs due to build-up of ketones in the
body as a result of fat breakdown during insulin-glucose imbalance. In the absence of
sufficient insulin, DKA may develop in less than 24 h. In diabetes patients, DKA can be
suspected with blood pH < 7.3 and plasma ketone concentration of > 3.0 mmol/L [72].
Inefficient insulin in the body may also cause HHS due to build-up of glucose resulting in
high osmolarity, dehydration, and vision problems. This may lead to osmatic lens swelling
and cataract development over time. Evaluation of efficient basal insulin therapy mandates
prevention of both short and long-term complications of diabetes. Determination of blood
ketone levels is an effective strategy of monitoring accumulation of ketones in the body and
preventing DKA. STZ-treated diabetic rats (Group 1) showed significant accumulation of
blood ketones (P < 0.05) compared to healthy control with a concentration of 3.8 £ 0.2 and
4.1 = 0.4 mmol/L within one- and three-months’ post STZ-treatment, respectively (Figure
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11A). Gradual rise in blood ketone levels was observed in the free insulin and CSO-zinc-
insulin complexes incorporated in thermogel copolymer formulations group at two and
three-month time-points, respectively. However, owing to the sustained maintenance of basal
insulin levels in the OA-g-CSO-zinc-insulin complexes incorporated in thermogel
copolymer formulation group there was insignificant build of ketones in the body,
suggesting much lower risk of DKA associated complications (Figure 11A).

Daily treatments with insulin-glargine also helped prevent accumulation of ketone bodies,
however required timely doses of insulin for 3 months accounting to 90 injections. Visual
impairment and cataract development is also a common complication of diabetes. Reduction
of glucose to sorbitol occurs through the polyol pathway catalyzed by the enzyme aldose
reductase (AR). Hyperglycemia promotes AR-mediated accumulation of sorbitol in lens
fibers and increase in osmotic, oxidative and ER stress, along with glycation of lens proteins
that lead to degeneration, collapse, and liquefaction of lens fibers, resulting in formation of
lens opacities and progression to cataract [72]. All the animals in the diabetic untreated
group developed total opacity of lens (Figure 11C). Partial to complete cataract development
was observed in insulin solution and free insulin incorporated in copolymer formulation
within 60 — 90 days’ post treatment (Table 6). However, no sign of cataract development
(clear eye lens) was observed in the group treated with OA-g-CSO-zin-insulin complexes
containing thermosensitive copolymeric depot-based formulation (Figure 11B). This study
emphasizes the importance of steady basal insulin levels in maintenance of metabolic
balance, normal physiological functions, and thereby prevention of complications in type-1
diabetes.

3.9. Detection of anti-insulin antibodies

Several protein-based therapeutics have an associated risk of eliciting undesirable immune
response in patients that may often lead to reduction in therapeutic efficacy, serious
anaphylaxis reaction, or life-threatening auto-immunity. Exogenous insulin preparations
continue to be immunogenic to humans, and origin, storage condition, formulation,
excipients, association state, aggregation and degradation products, have been discussed to
be some of the factors contributing to enhanced immunogenicity [75,76].

In this study OA-g-CSO-zinc-insulin complexes were prepared and incorporated in
thermosensitive copolymer solution for sustained release of basal level insulin. Hexameric
association state of insulin was stabilized by electrostatic complex formation with OA-g-
CSO polymer and maintained in the copolymeric micelles, which slowly diffused out
through the copolymeric matrix and dissociated to zinc-insulin hexamers, insulin dimers,
and ultimately monomeric insulin to be absorbed in the systemic circulation. To estimate
immunogenicity of insulin released from this formulation /n vivo, presence of anti-insulin
antibodies was determined in rat serum samples 1, 2, and 3-months post formulation
administration (Figure 11D). Indirect sandwich ELISA technique was employed, and rat 1gG
antibody was used as positive control. No anti-insulin antibody formation was detected in
any of the formulation groups initially as well as up to 90 days after formulation
administration. The antibody response after insulin treatment was comparable to untreated
control group (Group 11). Therefore, it can be safely concluded that the thermosensitive
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copolymer-based formulations optimized in this study did not generate any undesirable
immune response and the insulin released was non-immunogenic in nature.

3. Conclusion

In this study, we successfully optimized an /n situ gel forming thermosensitive copolymer-
based delivery system that delivers basal level insulin with relatively peak-free
pharmacokinetic profile for up to 90 days in type-1 diabetic rat model. Preparation and
optimization of oleic acid-grafted-chitosan-zinc insulin complexes helped in localization of
insulin in the hydrophobic core of poly-lactide micelles resulting in slow-controlled release
of insulin for an extended period while preserving structural, conformational and biological
stability of insulin. This system closely mimics physiological basal insulin secretion
required to maintain normal glycemic control in type-1 diabetes patients. Moreover, long-
term controlled release of basal level insulin may help improve patient compliance while
reducing overall economic cost of diabetes by preventing development of diabetes
complications.

Controlled release of hydrophilic molecules with short half-life is often a challenging task.
However, exploiting simple physiochemical techniques (such as electrostatic interaction
with a hydrophobically modified polymer) may contribute to a significant improvement over
conventional strategies as observed in our study. Besides, improved thermal stability of
insulin upon modification with zinc and chitosan can also be exploited for oral delivery of
insulin prior to encapsulation in biocompatible polymeric delivery systems such as PLGA
microspheres. Furthermore, PLA-PEG-PLA based thermosensitive copolymeric delivery
system explored in this study can also be used for sustained delivery of various other
therapeutic proteins and peptides (salmon calcitonin, erythropoietin, monoclonal antibodies,
etc.) which require frequent administration over prolonged duration [12].
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Abbreviations

DM diabetes mellitus

PLA poly(lactic acid)

PEG poly(ethylene glycol)

CSO chitosan oligosaccharide

OA oleic acid

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
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RP-HPLC reversed phase high performance liquid chromatography
DSC differential scanning calorimetry
ITC isothermal calorimetry
CD circular dichroism
uv ultraviolet
Tm Midpoint transition temperature
AH transition enthalpy
HEK 293 human embryonic kidney cell line
IH NMR proton nuclear magnetic resonance
FT-IR Fourier-transform infrared spectroscopy
TNBSA 2,4,6-trinitrobenzene sulfonic acid
GPC gel permeation chromatography
TFA trifluoroacetic acid
PDI polydispersity index
PBS phosphate buffer saline
DMEM Dulbecco’s modified Eagle’s medium
19G Immunoglobulin G
ELISA enzyme linked immunosorbent assay
STZ Streptozotocin (2-deoxy-2-(3-(methyl-3-nitrosoureido)-D-

glucopyranose)
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Highlights
. Chitosan stabilizes hexameric insulin structure by electrostatic complex
formation
. Hydrophobic complexes show slow diffusion from thermogel copolymer
matrix
. Thermogel copolymers form /n situ gel depot upon subcutaneous injection
. Sustained insulin release from thermogel depot prevents diabetes

complications
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Figure 1.
Differential scanning calorimetry thermogram of insulin, zinc-insulin hexamers and

chitosan-zinc-insulin complexes prepared using oleic acid-grafted chitosan polymers.
[Insulin: 1 mg/mL; Zinc ions: insulin hexamer (1:5); CSO monomer unit: insulin monomer
(5:1); in phosphate buffered saline (10 mM, pH 7.4)]
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Figure 2.

Integrated heats of interaction from calorimetric titrations of oleic acid grafted chitosan
polymer (titrant) into zinc-insulin hexamers (titrand). [2 mg/mL, ~0.057 mM zinc-insulin
hexamers; 1.2 mg/mL, CSO polymer solution; in phosphate buffered saline (10 mM, pH
7.4)] Data are expressed as mean = S.D, n=3.

J Control Release. Author manuscript; available in PMC 2021 July 10.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Sharma and Singh

% Cumulative Release

100

80

60

40

20

Page 29

Free Insulin in Thermosensitive Copolymer

—&— Zinc-Insulin Hexamers in Thermosensitive Copolymer
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Figure 3.
Effect of hydrophobic modification on chitosan oligosaccharide (CSO, 5 kDa) on /n vitro

release of insulin from 35% (w/v) PLA1500-PEG1500-PLA1500 copolymer, drug loading:
0.15% (w/v). Data is expressed as mean + SD, n=4. [Key: (@) free insulin, (@) zinc-insulin
hexamers, (A) CSO-zinc-insulin complex, (M) oleic acid(4se)-grafted-CSO-zinc-insulin
complex; *: significantly lower compared to zinc-insulin hexamers; #: significantly lower
compared to CSO-zinc-insulin complex; at p < 0.05]
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(A) Near-UV circular dichroism spectrum, (B) Far-UV circular dichroism spectrum, (C)
Nano-differential scanning calorimetry fitted thermogram, and (D) Reversed phase high
performance liquid chromatography, of insulin released /n vitroat 1, 30, 60 and 90 days
from OA-g-CSO-zinc-insulin complexes incorporated in thermosensitive copolymer
formulation at 37 °C. [Key: green - standard solution, pink - one day, red - 30 days, blue - 60
days, and purple - 90 days, on stability analysis at 37 °C.]
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Figure 5.
(A) Near-UV circular dichroism spectrum, (B) Far-UV circular dichroism spectrum, (C)

Nano-differential scanning calorimetry fitted thermogram, and (D) Reversed phase high
performance liquid chromatography, of insulin extracted from OA-g-CSO-zinc-insulin
complexes incorporated in thermosensitive copolymer formulation after 1, 3, 6 and 9 months
of storage at 4 °C. [Key: green - standard solution, pink - one month, red - 3 months, blue - 6
months, and purple - 9 months, on stability analysis at 4 °C.]
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72h
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M Copolymer+Oleic acid-g-CSO (37 °C) [ Copolymer (70 °C) [l Copolymer+Oleic acid-g-CSO (70 °C)

Graphical representation of percent relative cell viability after 24, 48 and 72 h at different
dilutions of copolymer degradation products incubated with (A) 3T3-L1 fibroblast cell line
(B) HEK 293 cell line. Thermosensitive copolymer PLA-PEG-PLA incorporating oleic acid-
g-CSO polymer was incubated with PBS for 10 days at 37 °C to extract the copolymer, CSO
polymer and their degradation products. Biocompatibility was evaluated using MTT assay.
Positive control (formalin) showed < 1.0 = 0.2 % relative cell viability at the highest dilution
(2:16) in cell culture medium, and negligible cell survival at lowest dilution (1:1) in cell
culture medium for both 3T3-L1 and HEK 293 cell lines. Data expressed as mean = SD, n =

4.
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Figure 7.
Bright field micrographs of H & E stained rat injection site skin tissue after (A) no injection

(negative control), (B) 5% (v/v) Formalin (positive control), (C-F) 1, 7, 30 and 90 days’
post administration of Saline, (G —J) 1, 7, 30 and 90 days’ post administration of OA-g-
CSO incorporated in thermosensitive copolymer formulation. Bright field micrographs of
Gomori’s trichome stained rat injection site skin tissue after (K) no injection, and (L) 30
days, (M) 90 days, post administration of OA-g-CSO incorporated in thermosensitive
copolymer formulation.
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Serum insulin concentration and blood glucose level of STZ-induced diabetic rats upon
treatment with (A) single administration of recombinant human insulin and (B) daily
administration of insulin glargine (Lantus® U-100). [Data are expressed as mean + S.D,
n=6; arrows mark administration of glargine; insulin dose: 0.5 1U/kg/day]
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Figure 9.

Serum insulin concentration and blood glucose level of STZ-induced diabetic rats upon
insulin treatment. Key: Treatment with single administration of: (@) free insulin in
thermosensitive copolymer, dose 45 1U/kg; (A) CSO-zinc-insulin complex in
thermosensitive copolymer, dose 45 1U/kg; or (M) oleic acid 459)-grafted-CSO-zinc-insulin
complex in thermosensitive copolymer, dose 45 1U/kg; (M) untreated STZ-induced diabetic
control; (@) healthy non-diabetic control. [Data are expressed as mean = S.D, n=6; *:
significantly different compared to glargine treated control; #: significantly different
compared to CSO-zinc-insulin complex; at p < 0.05]
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Figure 10.

Body weight of rats following STZ and insulin treatment. Key: (@) healthy non-diabetic

control; (M) untreated STZ-induced diabetic control; STZ-induced diabetic rats upon
treatment with single administration of: (@) insulin solution, dose 0.5 IU/kg; (@) free
insulin in thermosensitive copolymer, dose 45 1U/kg; (A) CSO-zinc-insulin complex in
thermosensitive copolymer, dose 45 IU/kg; and (M) oleic acid 4se,)-grafted-CSO-zinc-
insulin complex in thermosensitive copolymer, dose 45 1U/kg; or (4) daily administration
of glargine (Lantus® U-100), dose 0.5 1U/kg/day. [Data are expressed as mean + S.D, n=6;
*: significantly higher compared to untreated STZ-induced diabetic control; at p < 0.01]
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Figure 11.

(A) Blood ketone level in rats following STZ and insulin treatment; (B) Clear eye lens
following treatment with oleic acid 459)-grafted-CSO-zinc-insulin complex in
thermosensitive copolymer; (C) Partial, or (D) total, cataract formation in untreated STZ-
induced diabetic control; (E) Detection of anti-insulin antibodies following insulin
treatment. Key: (@) healthy non-diabetic control; (l) untreated STZ-induced diabetic
control; STZ-induced diabetic rats upon treatment with single administration of: (@) insulin
solution, dose 0.5 1U/kg; (@) free insulin in thermosensitive copolymer, dose 45 1U/kg; (M)
CSO-zinc-insulin complex in thermosensitive copolymer, dose 45 1U/kg; and (A) oleic
acid4s9)-grafted-CSO-zinc-insulin complex in thermosensitive copolymer, dose 45 1U/kg;
or (@) daily administration of glargine (Lantus® U-100), dose 0.5 1U/kg/day. [Data are
expressed as mean + S.D, n=6; *: significantly higher compared to healthy non-diabetic
control; at p < 0.05]
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Table 1.

Thermosensitive copolymeric formulations for studying /n vitro release profile of insulin.

S. no. Formulation Insulin (mg/ mL of thermosensitive copolymer solution (35 % w/v))
1 Free insulin 0.63
2 Zinc-insulin hexamers 0.63
3 CSO (5 kDa)-zinc-insulin complexes 0.63
4 Oleic acid-g-CSO (5 kDa)-zinc-insulin complexes 0.63
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Chromatographic conditions for studying chemical stability of insulin using RP-HPLC.

Table 2.

Column

Mobile phase A

Mobile phase B

Elution

Mobile phase composition
Flow rate

Injection volume

Run time

Thermo Scientific™ Hypersil GOLD™ C18 column (250 x 4.6 mm, 5 ym)
0.1% v/v TFA in deionized water

0.1% v/v TFA in acetonitrile

Gradient

75:25 (A:B) to 50:50 (A:B)

0.8 ml/min

25l

25 min

Detector, Detection wavelength | UV, 280 nm

J Control Release. Author manuscript; available in PMC 2021 July 10.

Page 39



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Sharma and Singh

Treatment groups for studying 7 vivo release profile of insulin.

Table 3.

Page 40

Group number

Treatment

Insulin dose (1U/kg)

Frequency of administration

|

1l
11
\Y
\Y
VI

Vil

Healthy control

Diabetic control

Free insulin solution

Glargine

Free insulin in thermosensitive copolymer solution

CSO-Zinc insulin complexes in thermosensitive copolymer
solution

Oleic acid-g-CSO zinc insulin complexes in thermosensitive
copolymer solution

0.5 1U/kg
0.5 1U/kg/day
45 1U/kg
45 1U/kg

45 1U/kg

Single
Repeated every 24 h
Single
Single

Single
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Midpoint transition temperature (Tm) and transition enthalpy (AH) of insulin, zinc-insulin hexamers and
chitosan-zinc-insulin complexes prepared using oleic acid-grafted chitosan polymers, in phosphate buffered

Table 4.

saline at pH 7.4. Data are expressed as mean + S.D, n=3.

Sample Tmy (°C) Tm, (°C) AH (kd/mol)
Insulin 51.87+0.23 62.81+0.29 97.27+0.44

Zinc-Insulin hexamers 7257019 - 344.15 £ 0.62
CSO (5 kDa) -Zinc-Insulin complex 86.73+0.07 - 572.88 +4.33
Oleic acid (25%)-g-CSO-Zinc-Insulin complexes  86.53+ 0.17 - 459.53 +5.29
Oleic acid (45%)-g-CSO-Zinc-Insulin complexes  86.30 £ 0.10 - 44951 £3.21
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Table 5.

Thermodynamic parameters of the binding interaction between oleic acid-grafted-chitosan polymers and zinc-
insulin hexamers in phosphate buffered saline (10 mM, pH 7.4). Data are expressed as mean + S.D, n=3.

Polymer k x 107 (M%) n (mol) AH (kJ mol ™)

Chitosan 5 kDa (CSO) 11.17 +0.09 3.04+£0.09 -25.75+0.87
CSO-g-Oleic acid (25%) 10.72+0.27 3.26£0.02 -23.96+0.39
CS0O-g-Oleic acid (45%) 9.99 + 0.18 376 £0.01 -21.13+0.12
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Table 6.

Summary of total cataract formation following STZ and insulin treatment in Sprague Dawley rats.

CATARACT FORMATION

60 days 90 days
Group oneeye botheyes oneeye botheyes
Healthy control 0 0 0 0
Diabetic control (STZ) (untreated) 1 4 - 6
Insulin solution 3 2 1 5
Free Insulin in copolymeric depot 4 1 2 4
CSO-Zinc-Insulin complex in copolymeric depot 1 0 2 0
Oleic acid-g-CSO-Zinc-Insulin complex in copolymeric depot 0 0 0 0
Glargine 0 0 1 0
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