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Abstract

Thermosensitive polymeric delivery system (PLA-PEG-PLA) loaded with chitosan-zinc-insulin
complex was designed for continuous in vivo insulin delivery at basal level for prolonged period
after a single subcutaneous injection. Chitosan-zinc-insulin complex was optimized to restrict the
diffusion of insulin from the delivery system by forming large complexes and thereby reducing the
initial burst release. The in vivo absorption and bioactivity of insulin released from the delivery
systems were studied in streptozotocin-induced diabetic rat model. The amount of insulin released
in vivo was quantified using Enzyme Linked Immunosorbent Assay (ELISA), and its bioactivity
was determined by its ability to reduce the blood glucose levels in diabetic rats. An indirect ELISA
was performed to determine the immunogenic potential of insulin released from the formulations.
Furthermore, the in vitro and in vivo biocompatibility of the delivery system was studied using an
MTT assay, and by studying the histology of skin samples, respectively. Chitosan-zinc-insulin
complex significantly (P<0.05) reduced the initial burst release of insulin from the polymeric
delivery system in comparison to zinc-insulin or insulin alone. The delivery system released
insulin for ~3 months in biologically active form with corresponding reduction in blood glucose
levels in diabetic rats. The insulin released from the delivery systems did not provoke any immune
response. The delivery systems demonstrated excellent biocompatibility both in vitro and in vivo
and were non-toxic. The results indicate that the chitosan-zinc-insulin complex incorporated in the
thermosensitive polymeric delivery system can be used as an alternative to the conventional daily
basal insulin therapy.
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Events following subcutaneous administration of chitosan-zinc-insulin complex loaded
thermosensitive delivery system in vivo
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INTRODUCTION

Diabetes mellitus is cited as one of the most challenging health problems in the 215t century.
It is characterized by absolute or relative (type 1 or 2) deficiency in insulin secretion/
response resulting in hyperglycemia. In healthy individuals, physiological insulin secretion
has two phases; basal secretion, wherein the pancreas secrete a constant low level of insulin
into the circulation throughout the day, and stimulated secretion, where the pancreas respond
to food intake by secreting large bolus of insulin to maintain normoglycemia [1]. The basal
insulin which is secreted at a rate of 0.5-1U/h throughout the day and between meals,
accounts for ~50% of the total daily insulin output, and plays a major role in preventing
long-term diabetic complications [2,3]. Therefore, type 1 diabetic patients with absolute
deficiency of insulin completely rely on basal-bolus insulin regimen for maintaining their
blood glucose levels. This regimen attempts to replicate the normal insulin secretion profile
and comprises of multiple injections of rapid acting insulin before each meal to mimic
prandial insulin secretion, and an additional injection of intermediate/long acting insulin
before bedtime to mimic basal insulin secretion. This repeated insulin administration gives
rise to numerous complications and the pain from multiple daily injections adversely affects
the quality of life of patients. Therefore, from a patient compliance perspective, to avoid the
discomfort and inconvenience associated with multiple daily injections, alternate
administration routes have been explored.

Various inhalation insulin preparations (Exubera®, AERX® insulin) [4,5], nasal sprays
(Nasulin™) [6], and oral insulin spray (Oralin™) [7] have been used to relieve pain and
discomfort experienced by patients due to repeated injections. However, due to the absence
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of the controlled delivery feature, these systems do not offer a prolonged insulin release.
Insulin pumps are extensively tried due to their ability to offer improved glycemic control as
compared to daily injections [8]. Almost every feasible route for insulin administration has
been tested with limited success and the subcutaneous route still remains the principal route
of administration. The two long acting basal insulin analogues, Lantus® (Insulin Glargine),
and Levemir® (Insulin detemir) have become available in recent years to achieve adequate
glycemic control [9-11]. Though these analogues are known to achieve good glycemic
control, and lower the incidence of fasting hypoglycemia efficiently [12]; they do not
completely eliminate the risk of nocturnal/fasting hypoglycemia [13]. In view of these
shortcomings, attempt have been made to fabricate an ideal basal insulin therapy, which will
essentially provide a constant, peak-free, prolonged and continuous insulin supply after
subcutaneous administration, eliminating the risk of fasting hypoglycemia.

Controlled delivery of insulin using in situ gel forming delivery systems can be an effective
strategy which could provide continuous low basal insulin level, and partly alleviate the pain
felt by multiple injections [14]. Such insulin delivery is also critical in reducing the long-
term micro and macro vascular complications of diabetes [15].

Several researchers have focused on the development of injectable thermosensitive
polymeric delivery systems for the delivery of insulin at a controlled rate and in response to
the physiological need [14,16,17]. These delivery systems with varying hydrophilic/
hydrophaobic content can alter the rate of insulin release. The major advantage of these
delivery systems is absence of organic phase which hampers the delicate protein structure
[18]. Additionally, the biodegradable and biocompatible nature of the copolymers, as well as
simplicity of administration of the delivery system makes them attractive for sustained drug
delivery. Zinc has been employed in number of pharmaceutical preparations of insulin for
prolonging the release period, and enhancing its stability by protecting from unfolding/
misfolding [19]. Literature also indicates that human body stores insulin in its zinc-based
hexameric form [20]. Upon secretion into bloodstream, hexamers dissociate into dimers and
finally to monomers which is the active form of insulin. Increasing evidence suggests that
insulin/chitosan polyelectrolyte complexes can be efficiently used for insulin delivery
[21-26]. Though chitosan, zinc, and thermosensitive polymeric delivery systems have been
individually used for controlling insulin delivery, a combination approach is not yet fully
explored.

In our previous work, we have demonstrated the ability of chitosan-zinc-insulin complex
incorporated in thermosensitive copolymer poly(D,L-lactide)-poly(ethylene glycol)-
poly(D,L-lactide) (PLA-PEG-PLA, 4500 Da) based delivery system to control the release of
insulin for prolonged period while maintaining its structural integrity in vitro [27]. It was
observed that the complex formation played an important role in reducing the initial burst
release of insulin from the polymer gel matrix, due to increased size and slow dissociation
from chitosan-zinc-insulin complex, and also helped to stabilize insulin during release and
storage. The complex formation between chitosan and zinc-insulin also protected insulin
from the acidic degradation products formed during copolymer degradation and stabilized
insulin inside the delivery system without aggregation or degradation during entire release
period.
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In present study, the ability of the delivery system to provide basal level of insulin for three
months after a single subcutaneous injection was investigated in vivo using streptozotocin-
induced diabetic rat model. The biocompatibility of the delivery system containing
thermosensitive polymer incorporated chitosan was tested in vitro and in vivo. Furthermore,
the immunogenic potential of released insulin was also investigated.

MATERIALS

Human recombinant insulin (Incelligent® SG) was obtained from Millipore Corporation
(Norcross, GA). Chitosan (50 kDa) was procured from Sigma Aldrich Co. (St. Louis, MO).
Human Embryonic Kidney (HEK293) cells were obtained from American Type Culture
Collection (ATCC, VA). Sprague Dawley rats were purchased from Harlan Laboratories Inc.
(IN, USA). Streptozotocin was procured from Enzo Life Sciences (NY, USA). Human
insulin ELISA Kit was obtained from Mercodia, Uppsala, Sweden. Nembutal (Pentobarbital
sodium) and Ketoprofen were procured from Lundbeck Inc. (IL, USA), and Medisca Inc.
(NY, USA), respectively. Rat Immunoglobulin G (IgG) were purchased from Santa Cruz
Biotechnology (CA, USA).

METHODS

Preparation of the delivery systems:

The thermosensitive triblock copolymer PLA-PEG-PLA (molecular weight 4500 Da) was
synthesized by ring-opening polymerization and characterized by *H and 13C-NMR for
structural composition, and gel permeation chromatography (GPC) for molecular weight
distribution. The details about the synthesis and characterization procedures are discussed
earlier [14]. Chitosan-zinc-insulin complexes were designed, characterized, optimized, and
incorporated into the triblock copolymer based delivery systems as described in our earlier
publication [27]. Briefly, the delivery system was prepared by dissolving the triblock
copolymer (30% w/w) in water at 4°C under continuous stirring. Insulin alone, zinc-insulin
or chitosan-zinc-insulin complexes were mixed with the aqueous copolymer solutions at
room temperature to get the final formulations. All formulations were tested for their
injectability by passing through a 25 G needle.

In vivo insulin release and bioactivity:

The North Dakota State University Institutional Animal Care and Use Committee (IACUC)
approved the animal study protocol and experiments. Eight weeks old male Sprague-Dawley
rats weighing 180-200 g were used to study the in vivo absorption and bioactivity of the
recombinant human insulin (rH) released from the delivery systems. Rats were housed in a
temperature controlled facility maintained at 12 h light-dark cycle, and allowed free access
to food and water. The rats were acclimatized to the housing conditions one week before the
study initiation. A single dose of freshly prepared streptozotocin (STZ, 55 mg/kg body
weight) dissolved in ice cold citrate buffer (pH 4.5) was injected intraperitoneally to the rats
to induce diabetes. Post-injection, rats were provided with 5% sucrose solution to counteract
the potential risk of hypoglycemia caused by massive insulin release under the influence of
STZ. Rats were monitored daily, and one week after STZ injection, blood glucose levels
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were measured. The rats with fasting blood glucose levels >200 mg/dl were considered
diabetic and retained in the study. The diabetic rats were divided into 8 different groups (6
animals/group), and assigned to the treatments randomly. An additional group of non-
diabetic rats was used as control. The formulations were injected as a single subcutaneous
dose at the back neck region of rats using 25 G needle. The treatment groups were injected
with the polymeric delivery systems containing either insulin alone, zinc-insulin or and
chitosan-zinc-insulin complexes at two different doses. Assuming the daily basal insulin
requirement of ~18-24 1U (~0.4-0.5 1U/kg/day; total dose: ~30 and 45 1U/kg for 90 days),
two doses were selected to provide a continuous basal level of insulin. Groups I and Il were
injected with the thermosensitive delivery system containing insulin alone at a dose of 30
and 45 1U/kg, groups 111 and 1V with zinc-insulin (30 and 45 1U/kg), and group V and VI
with chitosan-zinc-insulin complex at a dose of 30 and 45 1U/kg. Group V11 was treated with
single dose of insulin (2 1U/kg) dissolved in PBS (pH 7.4) subcutaneously; while STZ
treated animals without treatment (group VII1I) were used as a negative control. After the
initial week, blood sampling was performed on a weekly basis until three months using tail
vein puncture. At the end of the study period, an intravenous injection of pentobarbital (150
mg/kg) was used to euthanize the rats.

a. Quantification of serum insulin levels using Enzyme Linked Immunosorbent
Assay (ELISA): Insulin levels were measured by sampling blood from the tail
vein of rats at pre-determined time points after overnight fasting. Serum was
collected after centrifuging the blood samples at 4°C at 3000 rpm for 15 min, and
stored at —20°C. Mercodia Human Insulin ELISA kit was utilized to determine
the of serum insulin (rH) levels [28].

b. Determination of blood glucose levels: The pharmacodynamic activity of insulin
released from the delivery systems was estimated from blood glucose levels.
After overnight fasting, blood was withdrawn from tail vein of rats, and the
fasting blood glucose levels were measured by the glucose oxidase method using
a glucometer (Bayer CONTOUR® blood glucose monitoring system, IN), and
expressed in milligrams per deciliter (mg/dl).

C. Body weight determination: The change in the body weight of rats before and
after induction of diabetes, as well as after insulin treatment was noted daily for
the first week, and further monitored on weekly basis during entire study
duration.

d. Detection of anti-insulin antibodies. The rat serum samples were collected after
1, 2 and 3 months of treatment and were subjected to ELISA. For detection of
anti-human insulin antibodies in rat serum an indirect ELISA was performed
[29]. Briefly, ELISA plate was coated with 800 ng/ml insulin in coating buffer
(carbonate buffer, 50 mM, pH 9.6, 100 ul/well), and kept overnight at 4°C. Plates
were incubated with a blocking agent [3% bovine serum albumin (BSA)], at
37°C for 1 h. The plates were washed with PBS containing 0.02% tween 20
(PBST) followed by addition of diluted rat serum and again incubated at 37°C
for 1 h. The plates were washed again with PBST, and 1:5000 diluted goat anti-
rat-1gG-Horseradish Peroxidase conjugated secondary antibody was added,
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followed by incubation at 37°C for 2 h. Substrate solution (tetramethylbenzidine,
TMB) was added at the end of incubation, and the plates were further incubated
for 20 min at 37°C. Sulfuric acid (0.5 M) was used to stop the reaction, and the
optical density was recorded at 450 nm using a microplate reader. Rat 1gG were
used as a control.

In vitro biocompatibility of the delivery system:

In vitro biocompatibility of the thermosensitive polymeric delivery system with and without
chitosan was quantitatively assessed using a standard MTT cell viability assay. This assay
was aimed to evaluate the effect of polymer extracts, and their degradation products on the
cell viability in vitro. The detailed procedure is described previously [30]. Briefly, the
aqueous solutions of thermosensitive polymer (30% w/w, 500ul) with/without chitosan were
prepared, injected in a tube, and allowed to form gels by incubating at 37°C in water bath.
The polymeric hydrogels were extracted into PBS (10 ml, pH 7.4) at 37 and 70°C by
incubating for 10 days. The extracts were diluted with growth medium, added to the Human
Embryonic Kidney (HEK293) cells and incubated for 24, 48 and 72 hours. Percent cell
viability was calculated considering the cell viability of untreated cells (growth medium
only) as 100%. For comparison purposes cells treated with PBS (without polymer), DMSO,
and chitosan were used as controls.

In vivo biocompatibility of the delivery system:

The in vivo biodegradability and biocompatibility of the delivery system with and without
chitosan was evaluated after injecting 500 pl of the delivery system subcutaneously into the
upper neck area of rats. The appearance of gel lump was monitored regularly by visual
examination. At 1, 7, 30 and 90 days post-injection, rats were euthanized, and the
subcutaneous tissue surrounding the injection site was excised and examined visually for the
presence of any delivery system residue. For assessing the biocompatibility of the delivery
system, the excised hydrogel-contacting subcutaneous tissue was fixed in 10% neutrally
buffered formalin at room temperature, sectioned (5 um thickness), and processed for
histological analysis. The skin sections were stained with hematoxylin eosin (H&E) and
examined under the light microscope for any inflammatory reactions. The collagen
deposition near the injection site was visualized by staining the skin sections with Gomori’s
trichrome stain, and the collagen density and its appearance at the injection site were
compared to that of normal skin tissue using ImageJ 1.45 software (NIH, MD).

Statistical analysis:

For statistical analysis, a single factor ANOVA was performed using Minitab 16 statistical
software (Minitab Inc., PA). A p-value of less than 0.05 was considered to be significant.
Serum insulin levels were plotted against time and the bioavaialability of insulin was
determined based on the area under the curve (AUC) data calculated by linear trapezoidal
rule [31]. The concentration versus time profile was used to determine maximum serum
concentration (Crnax) and corresponding time at which maximum concentration is reached
(Tmax) for the solution group (Insulin in PBS: 2 1U/kg SC).
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Preparation of the delivery systems:

The optimized chitosan-zinc-insulin complex loaded thermosensitive polymeric delivery
systems (PLA-PEG-PLA chain length: 1500-1500-1500, molecular weight 4500 Da) were
formulated as described previously [27]. The formulations were injectable through 25 G
needle, and formed gel depot quickly after incubation at body temperature.

In vivo absorption and bioactivity of insulin:

The pharmacokinetic profile of insulin released from the delivery systems and associated
pharmacodynamic effects are presented in figures 1 and 2. Additionally, the serum insulin
concentration and blood glucose levels of untreated (control), and STZ treated animals are
also presented. The fasting blood glucose level of untreated animals remained in between
90-125 mg/dI throughout the study duration; while STZ treated rats showed fluctuating
blood glucose levels between 300-550 mg/dl

Comparison among the delivery systems at 30 1U/kg insulin dosing:

The release profile of insulin and blood glucose levels of the rats treated with different
formulations at 30 1U/kg insulin loading is presented in figure 1A and B, respectively. The
animals treated with the delivery system containing insulin alone showed highest initial burst
release (52.1+7.6 uU/ml) followed by a continuous release over the period of 42 days, and
subsequent rapid reduction in insulin levels. In case of formulation containing zinc-insulin,
though the initial burst release was reduced significantly (p<0.05) as compared to the
formulation containing insulin alone, after ~14 days, an appreciable decline in the insulin
level was observed, and the levels dropped continuously in 21-42 days. The delivery system
containing chitosan-zinc-insulin complex showed significantly lower (P<0.05) initial burst
release of insulin (11.4+2.1 uU/ml) as compared to the formulations containing insulin alone
and zinc-insulin loaded delivery systems. Also, significantly higher (P<0.05) serum insulin
levels were maintained for ~63 days, and then declined gradually over the period of 91 days.
AUC was used to determine the bioavailability of insulin released, and is presented in table
1. Insulin bioavailability was enhanced in case of chitosan-zinc-insulin complex loaded
delivery system, indicated by increase in AUC by 1.5 and 1.85 fold as compared to the
formulations containing zinc-insulin and insulin alone, respectively (table 1).

The physiological effects of released insulin denoted by reduction in blood glucose levels
are depicted in figure 1B. The fasting blood glucose levels in rats administered with any of
the delivery systems were significantly lower (p<0.05) than the diabetic rats in STZ treated
group. In case of delivery systems containing insulin alone, and zinc-insulin it was observed
that the blood glucose levels dropped suddenly in response to the large amount of insulin
released and remained low until 21 days, and then returned to pretreatment levels (~400
mg/dl) quickly. While, chitosan-zinc-insulin complex helped to maintain the blood glucose
levels in the range of 100-150 mg/dl until ~63 days. The blood glucose levels were
significantly low as compared to the delivery systems containing insulin alone or zinc-
insulin until 63 days suggesting that insulin was released slowly from the chitosan-zinc-
insulin complex.
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Comparison among delivery systems at 45 IU/kg insulin loading:

The in vivo release profile of insulin released, and blood glucose levels of rats treated with
the delivery system containing insulin alone, zinc-insulin, and chitosan-zinc-insulin complex
at 45 1U/kg insulin loading are presented in figure 2A and B, respectively. The serum insulin
levels of animals treated with the delivery system containing chitosan-zinc-insulin complex
were significantly different (P<0.05) as compared to that of insulin alone, and zinc-insulin.
Serum insulin levels were maintained above 40 pU/ml over 70 days before gradually
returning to baseline levels. Increase in insulin AUC by 1.3 and 2 fold was noticed as
compared to zinc-insulin, and insulin alone containing formulations. The pharmacodynamic
response reflected the pharmacokinetic profile of released insulin in that reduction in blood
glucose was observed until ~70 days, and as the insulin release was reduced, blood glucose
levels increased and reached to the pretreatment levels. Animals treated with insulin alone or
zinc-insulin containing delivery systems showed a sharp drop in insulin levels after ~10 and
16 days, respectively. In the case of formulations containing chitosan-zinc insulin complex,
the fasting blood glucose levels remained significantly (P<0.05) low until ~70 days as
compared to insulin alone, or zinc-insulin containing formulations. The blood glucose levels
were comparable to that of control (untreated group) up to 63 days, and then increased
gradually.

For comparing the insulin release and blood glucose levels, insulin solution (2 1U/Kg in
PBS) was administered to the diabetic rats via SC route, and the blood glucose and serum
insulin levels were measured at 0.5, 1, 2, 4, 6, 8, 12 and 24 h post-injection. Immediately
after subcutaneous administration, serum insulin levels increased rapidly, and the data
showed values of Cypax and Tax Of 55.75+6.4 pU/ml and 1 h, respectively (figure S1A,
supplementary information). Corresponding sudden decline in blood glucose levels was
noticed, and reached to ~20% of the pre-administration levels within 1 h (figure S1B,
supplementary information). Insulin levels reduced over the period of 12 h, and reached
below the detection limit. Similarly, blood glucose reached to the pretreatment levels after
12 h.

Detection of anti-insulin (rH) antibodies:

The rat serum samples collected at 1, 2 and 3 month time points were screened for the
presence of antibodies against insulin released from the delivery systems, and it was
observed that no antibodies against human insulin (rH) were developed (figure 3). For
comparison purposes, rat IgG were used as control. No antibodies were observed against
released insulin initially or after 90 days of treatment and the antibody response was
comparable to that of control (untreated) group. It indicated that the released insulin was
non-immunogenic in nature.

Body weight determination:

Initially after STZ injection a marked reduction in the body weight of rats was observed in
all treatment groups. The STZ treatment group showed continuous loss of body weight at the
end of three months. The rats treated with insulin formulations showed a gradual weight
gain, and was significantly (P<0.05) higher than STZ treated animals (figures S2, and S3A-
B, supplementary information). Though there was no significant difference observed in the
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body weights of rats in either of the treatment groups, the chitosan-zinc-insulin complex
treated animals showed progressive weight gain and were comparable to that of non-diabetic
control.

In vitro biocompatibility of the delivery systems:

Figure 4 A-D shows the cell viability quantitatively measured by an MTT assay for
thermosensitive polymeric delivery system with and without chitosan incubated at 37 and
70°C, respectively for 10 days. It was observed that the HEK293 cells grew better in the
extracts prepared from chitosan containing thermosensitive delivery systems than
unmodified (thermosensitive polymer only), and PBS, or DMSO treated cells (Figure S4 A-
F, supplementary information). Initially, at 24 h the cell viability was ~60-80% for the
concentrated polymeric extracts (1:1 dilution with growth medium), while the extracts
diluted to 1:16 ratio showed close to 100% cell growth. At 48 and 72 h, no significant
difference (p>0.05) in the cell viability was observed as compared to control (growth
medium only), and instead the polymeric delivery system containing chitosan showed higher
cell viability as compared to the cells treated with polymeric extracts without chitosan.

In vivo biocompatibility of the delivery system:

The rats were injected with the polymeric delivery systems containing chitosan, and the
inflammatory response to the foreign material was observed, and compared to that of control
(untreated), and is presented in figure 5. Histology of untreated skin (control group) is
presented in figure 5A. The representative light microscopy images of skin following
administration of chitosan containing thermosensitive polymeric delivery system at 1, 7, 30
and 90 days is shown in figure 5B-E. The severity of the response to the foreign material
was observed by the presence of leukocytes and fibroblasts near the site of injection. The
nuclei of the neutrophils or other inflammatory cells are stained purple after H & E staining,
and thus can be easily identified from the surrounding connective tissue. Figures 5B and C
represent the clear incidence of acute inflammatory response to the polymeric delivery
system containing chitosan, at day 1 and 7, respectively. Large neutrophil infiltration at the
site of injection was observed initially. Chronic inflammatory response to the delivery
system at day 30 is depicted in figure 5D. However, this response subsided considerably 30
days post-injection, indicated by the presence of few inflammatory cells, and the skin tissue
surrounding the delivery system closely resembled to that of control at 90 days (figure 5E).
Similar type of inflammatory response was observed in case of rats treated with only
thermosensitive polymeric delivery system without chitosan as presented in figure S5 A-D
(supplementary information). Thus, it was noticed that the subcutaneous administration of
polymeric delivery systems with/without chitosan showed an inflammatory response due to
injection and continual presence of polymeric gel in the body. But, at the end of the study no
signs of chronic inflammation, or necrosis were observed.

To determine the degree of collagen deposition at the tissue-delivery system interface, the
skin samples were also stained with Gomori’s trichome stain which specifically stains
collagen (figures 6A-C). The collagen density determined by ImageJ 1.45 software showed
that the collagen deposition increased until 30 days (figure 6B), but was comparable to the
control at the end of the study (90 days) (figure 6C). The skin histology of animals treated
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with thermosensitive polymer (without chitosan), is presented in supplementary information
(figure S6 A-B supplementary information). The results indicate that the addition of chitosan
did not change the biocompatible nature of the thermosensitive polymeric delivery system.

DISCUSSION

Various strategies have been utilized to reduce the initial burst release of insulin, and to
preserve its structural integrity during formulation, storage and release from depot forming
polymeric delivery systems. In our previously published work [27], we developed a
controlled release delivery system to deliver insulin at basal level by incorporating chitosan-
zinc-insulin complex into PLA-PEG-PLA (4500 Da) thermosensitive triblock copolymer. A
combination approach was employed by utilizing the characteristic properties of insulin,
such as self-assembly into hexamers in presence of zinc and their ability to interact with
chitosan electrostatically to form chitosan-zinc-insulin complexes. Our in vitro release
studies indicated that the increased size of chitosan-zinc-insulin complex helped to reduce
complex diffusion from the thermosensitive polymer gel matrix, and prolonged the insulin
release in vitro. This slow diffusion of insulin resulted in reduced initial burst release, and
further the complex helped to stabilize insulin during release and storage, while providing
controlled release over extended duration in vitro [27]. Various analytical techniques such as
circular dichroism (CD), differential scanning Calorimetry (DSC), polyacrylamide gel
electrophoresis (PAGE)/SDS-PAGE, high-performance liquid chromatography (HPLC), and
matrix-assisted laser desorption/ionization-time-of-flight mass spectrometry (MALDI-TOF
MS) confirmed the conformational and chemical stability of insulin released from the
delivery systems. The complex formation between chitosan and zinc-insulin also protected
insulin from the acidic degradation products formed during copolymer degradation, and
stabilized insulin inside the delivery system without aggregation or degradation.

The acidic byproducts formed during degradation of the triblock copolymer lead to decrease
in pH of microenvironment in the gel matrix, which is the major cause of insulin instability.
This acidic microclimate can be reduced by incorporating a basic excipient in the delivery
system [32]. Chitosan possesses abundant amino groups on its surface, and hence, acts as
proton sponge [33,34]. It also possesses good buffering ability which could resist the major
pH change in the microenvironment of during degradation of polymer gel matrix. Our
preliminary results indicated that the addition of chitosan to zinc-insulin could have reduced
the exposure of protein to the damaging environment resulting from PLA degradation,
leading to increased stability. Our studies also demonstrated that the presence of lactic acid
residues reduced the thermostability of insulin alone and zinc-insulin, but did not
significantly affect insulin in the form of chitosan-zinc-insulin complex determined by DSC
(data unpublished). These results further confirmed the stabilizing effect of chitosan on
insulin structure.

A single dose STZ induced diabetic rat model is widely accepted experimental model to
study the effect of various controlled release insulin formulations. A single dose STZ (55
mg/kg) causes selective toxicity to pancreatic beta cells, and produces type 1 diabetes in the
experimental animals [35]. STZ action is manifested via alkylation of DNA, which in turn
causes drastic reduction in insulin level affecting overall glucose metabolism in the body,
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and thereby producing hyperglycemia. The blood glucose levels of rats after STZ treatment
increased rapidly, and were hyperglycemic after 5-7 days. As expected, SC injection of
insulin solution demonstrated the shortest duration of action and the blood glucose levels
reverted to the pretreatment levels within 12 h post treatment. The factors which alter the
insulin absorption after subcutaneous administration are its molecular weight, and
association state at the administration site [36]. The results showed that after SC
administration of insulin solution, insulin being in its monomeric form was absorbed quickly
leading to a spike in insulin levels. The polymeric delivery system containing insulin alone
also demonstrated a rapid increase in serum insulin concentration, indicating an initial burst
release due to the quick escape of unassociated surface-localized insulin monomers after
injection. These surface localized insulin monomers being smaller in size might have
escaped easily by diffusion, resulting in a spike in insulin levels. Additionally, the delivery
system showed a short-term release of insulin which could be due to the aggregation or
degradation of insulin in the delivery system. These results were also supported by the
reduction in pharmacodynamic response of insulin. Addition of zinc to insulin reduced the
initial burst due to the increased size and reduced solubility of insulin. It also helped in
relatively sustaining the release of insulin for longer duration as compared to insulin alone.
Zinc is known to exhibit fibrillation inhibitory effect on insulin, and stabilizes hexameric
assembly [14]. Although zinc-insulin hexamer formation helped to reduce the initial burst
release of insulin and prolonged the release duration, there was no appreciable improvement
in the bioavailability as compared to the formulations containing insulin alone. The delivery
systems containing chitosan-zinc-insulin complex showed marked reduction in the initial
burst release, indicated by a gradual and slow rise in serum insulin levels. This might be due
to the enlarged size (zinc-insulin hexamer), and the complex formation with chitosan by
electrostatic interactions which might have helped in reducing insulin diffusion from the
polymer gel matrix.

The initial burst release of insulin is the major cause of hypoglycemia and is a critical aspect
which needs to be addressed during the development of controlled delivery systems. The
balance between glucose production and its utilization gets altered due to the large variation
in plasma insulin levels after its administration [37]. Reduction in peak/trough ratio of
insulin i.e. lowering the variability is highly desirable to lower/prevent the occurrence of
hypoglycemia-associated complications [38]. Formulations containing chitosan-zinc-insulin
showed a gradual increase in serum insulin with very low peak-free levels after
administration, and additionally the release was continuous for ~70 days. These
formulations also showed increase in AUC by 1.2-2 fold as compared to zinc-insulin and
insulin alone containing formulations, respectively. This could be due to the slow
dissociation of large chitosan-zinc-insulin complexes, into insulin oligomers and finally to
zinc-free insulin monomers. Being a controlled delivery system, the chitosan-zinc-insulin
complex loaded thermosensitive polymeric delivery system released small amount of insulin
over prolonged period of time leading to higher absorption rates. It has been well
documented that the absorption rate of insulin via subcutaneous route is a complex
phenomenon, and is inversely related to its concentration [39]. Thus, the slow dissociation of
insulin from the chitosan-zinc-insulin complex might have reduced its degradation by the
proteases present at the injection site, and thereby improved its absorption [14]. Since
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chitosan is known to stabilize proteins [40-43], the complex formation might have offered
additional stabilizing effect which protected insulin after administration. These results also
confirmed our earlier findings showing that chitosan-zinc-insulin containing thermosensitive
polymeric delivery system maintained at body temperature preserved the structural integrity
of incorporated insulin for prolonged period [27].

The pharmacodynamic effect of insulin released from different delivery systems was
evaluated by the regulation of blood glucose levels. The high initial burst release of insulin
observed after administration of formulations containing inulin alone caused rapid reduction
in blood glucose levels below the normal levels, and suggested that the delivery system
containing insulin alone would not be a good choice, since it may lead to a hypoglycemic
shock. In case of formulations containing 451U/kg insulin alone, the Cpax Of insulin in rat
serum reached to >70 pU/ml, and a quick drop in the blood glucose reaching to ~100mg/dL
was observed. But, no severe physical and behavioral symptoms/changes (i.e., tremors/
convulsions/hypoglycemic shock) due to hypoglycemia were noticed. These results suggest
an initial burst release from the formulation, however, the amount of insulin released was not
sufficient enough to cause hypoglycemia. It is also possible that the characteristic
coprophagic behavior of rats might have contributed towards the prevention of severe
hypoglycemic episodes [44]. Zinc-insulin containing formulations did not show a sharp drop
in blood glucose, indicating reduction in initial burst release due to formation of zinc-insulin
hexamers (increased size, and reduced solubility), but lowered the blood glucose levels for
slightly longer duration as compared to insulin alone. The results suggest that the
incorporated insulin might have precipitated/degraded in the delivery system, and failed to
elicit the biological response. Chitosan-zinc-insulin containing formulations (insulin
loading: 30 and 45 1U/kg) showed gradual and sustained reduction in blood glucose over the
period of 7 days, without any sign of hypoglycemia. This is considered as the most
important and desirable property of insulin containing controlled delivery systems. The
delivery systems containing chitosan-zinc-insulin complexes helped maintaining the blood
glucose levels below 200 mg/dl, for prolonged duration as compared to insulin alone or zinc-
insulin containing delivery systems. Additionally, the blood glucose levels were comparable
to that of control (untreated rats) for considerably longer duration and then increased
gradually. The results also showed that there was no significant difference (P>0.05) in blood
glucose levels in two consecutive time points until 56-63 days, which can be interpreted as
the pharmacodynamic manifestation of the continuous release of insulin at a steady rate.
This data also demonstrates that the biological activity of insulin released from chitosan-
zinc-insulin complex was preserved during fabrication and maintained during the entire
release duration. All the delivery systems released insulin for relatively shorter period in
vivo as compared to in vitro release. It has been well documented and also observed in our
earlier studies that the in vivo release duration of insulin was shorter as compared to that of
observed during in vitro release, which could be as a result of faster degradation of the
delivery system in vivo than in vitro [14,45]. But, as far as the biological activity of released
insulin is concerned, chitosan-zinc-insulin complex containing delivery systems showed
better glycemic control over longer duration as compared to the delivery system containing
insulin alone or zinc-insulin.
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Some of the macro and micro vascular complications due to diabetes include stroke,
neuropathy, amputations, retinopathy, and renal failure, leading to increased disability,
reduced life expectancy, and huge health costs [46]. The animals in the streptozotocin
treatment group developed not only diabetes as indicated by increased fasting blood glucose
values, but also showed signs of cataract which is one of the earlier complications of
diabetes mellitus. Similarly, the animals treated with the delivery systems containing insulin
alone also showed signs of cataract by the end of study indicating that the delivery system
did not release insulin sufficient enough to alleviate the diabetic complications. No signs of
retinopathy were observed in rats treated with zinc-insulin or chitosan-zinc-insulin
containing formulations indicated that the released insulin helped in preventing the onset of
diabetes related microvascular complications. It has been reported that STZ induced diabetes
causes reduction in body weight due to the loss/degradation of structural proteins, which
mainly contribute to the body weight [47]. Thus, after STZ treatment, a significant and
drastic weight loss was observed in all groups. A gradual improvement in body weight was
noticed after administering the rats with insulin formulations, while the rats in STZ
treatment group showed continuous weight loss. This increase in body weight may be due to
the prolonged release and in turn effect of insulin from the delivery system.

Proteins undergo physical degradation like unfolding, misfolding, aggregation, or chemical
degradation such as oxidation, deamidation, isomerization, that can result in an immune
response [48]. Protein aggregation in the commercially available preparations has reported
to be a key factor underlying the unwanted immune responses of therapeutic proteins.
Insulin aggregates are known to invoke antibody formation [49], and hence insulin
aggregation inside the delivery system could alter its release, stability, activity, safety and
overall duration of action after administration. Fineberg et al. [50], have reported that the
formulation is one of the crucial factors that alter the immunogenic potential of insulin.
Soluble forms of insulin are known to be less allergenic than intermediate or long-acting
insulin preparations. The acidic preparations of insulin are reported to be more immunogenic
than neutral formulations. Our ELISA results indicated that no immune response against
human insulin observed in all treatment groups, which signified that the released insulin was
non-immunogenic in nature.

Biocompatibility is an array of complex characteristics and indicates the level of interaction
between the implanted delivery system and the host tissue. It is difficult to determine the
biocompatibility of a material by a single method, and always require complex set of in vitro
and in vivo methods. In our earlier studies we have already demonstrated the biodegradable
and biocompatible nature of the thermosensitive polymeric delivery system (PLA-PEG-
PLA, Mw: 4500 Da) in vitro [14]. Chitosan, another polymer used in this study is a linear
polysaccharide composed of B-(1-4)-linked D-glucosamine and N-acetyl-D-glucosamine
units distributed randomly. Chitosan is eliminated from the body by renal clearance, and the
degree of acetylation as well as its molecular weight affects the degradation rate. High
molecular weight chitosan undergoes degradation by chitinases in the body leading to the
formation of smaller chains [51,52]. It is reported as a biocompatible and biodegradable
positively charged polymer with minimum immunogenic potential and also possesses low
cytotoxic potential [53]. Zinc gets eliminated from body via renal clearance [54]. It is
important to consider the potential cytotoxicity of the thermosensitive polymer (PLA-PEG-
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PLA) with or without chitosan, and its residual degradation products. An indirect
cytotoxicity method was used, where the cells were exposed to the polymer extracts
prepared at 37 and 70°C which simulated the long-term effects of the injected depot forming
delivery systems [55,56]. Prior to the treatment, the extracts were neutralized to disregard
the effect of pH, and to emphasize on the effect of polymer degradation products on cell
viability. Therefore, the results showed the effect of concentration of polymer and its
degradation products only on the cell viability. Growth medium without polymer served as
negative control and used to determine the percent cell viability. Our in vitro cytotoxicity
study results indicated that the addition of chitosan did not change the biocompatible nature
of the delivery system containing thermosensitive polymer. The polymer extracts of
thermosensitive copolymer containing chitosan prepared at 70°C showed higher cell
viability in comparison to extract prepared at 37°C. Chitosan has been found to exhibit good
biocompatibility and extremely low cell toxicity [53]. Chitosan accelerates cell proliferation,
and also possesses wound healing property [57]. Since greater amount of chitosan would be
extracted in its low molecular weight soluble form at 70°C, which has led to-lesser cell
toxicity than the extract prepared at 37°C. In an effort to determine the biocompatible nature
of the delivery system in vivo, the subcutaneous tissue surrounding the depot was excised
and observed for inflammatory reactions. Tissue healing process is usually initiated through
cascade of inflammatory stages including acute inflammation, chronic inflammation, and
granular tissue formation at the injection site [58,59]. During in vivo biocompatibility
evaluation, it was noticed that the subcutaneous administration of polymeric systems with/
without chitosan showed an inflammatory response due to injection and continual presence
of polymeric gel in the body. But, at the end of the study no signs of chronic inflammation,
or necrosis were observed. Thus, as expected the inflammatory response to the developed
delivery systems was short-lived, and the delivery systems were biocompatible.

The extent of fibrosis, organization of collagen fibers and collagen density around the depot
are also important in determining the biocompatible nature of the depot forming systems.
Gomori’s trichrome stain was used to determine the nature and presence of collagen
deposition at the subcutaneous tissue-delivery system interface. Though frequent removal
and replacement of the release medium during in vitro release reduces the acidic
environment with subsequent reduction in protein degradation, it is difficult to predict
whether it reflects in vivo conditions [60]. It has been reported that the fibrous capsule
formation around the delivery system possibly retards the effective elimination of the
polymer degradation products out of the site [60]. This leads to increased acidic
microenvironment near injection site, and in turn reduces the stability of encapsulated
protein. It has been reported that usually the collagen fibers are arranged randomly without a
specific organization with a sparse density, but in response to injury due to implanted
material, collagen become well-defined and increased collagen deposition is usually
observed near the site of implantation [61]. In our experiments, it was noted that the
collagen deposition at the site of injection was a short-term response. Increased collagen
deposition was observed initially, but the its density reduced eventually and the skin tissue
observed at the end of the study period showed absence of residual scar tissue indicated the
biocompatible nature of the delivery system. Since no scar tissue/fibrous capsule were
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observed near the gel depot, it allowed us to conclude that polymer degradation products are
removed continuously after degradation from the injection site.

CONCLUSIONS

Thus, in vivo studies indicated chitosan-zinc-insulin complex containing delivery systems
controlled the release of insulin over 70 days, necessary to maintain the basal insulin levels.
The released insulin was in its monomeric and biologically active form which was absorbed
in the body indicated by reduced blood glucose levels. The formulations containing insulin
did not provoke any immunogenic response, and helped to reduce the diabetic
complications. The polymeric delivery system containing chitosan was biodegradable and
biocompatible in vivo. This signifies that the chitosan-zinc-insulin complex incorporated in
the thermosensitive polymeric delivery system can be used as an alternative to the
conventional daily multiple dose basal insulin therapy.
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Figure 1:
A) Serum human insulin and B) Blood glucose levels of rats in treated with () Insulin

alone, (M) Zinc-insulin, (@) Chitosan-zinc-insulin complex loaded thermosensitive
polymeric delivery systems, (X) Streptozotocin control, and (¢) Untreated control; (insulin
loading; 30 1U/kg) [n=6, mean £ SD, *: significantly different than insulin alone, and #:
significantly different than zinc-insulin at P<0.05]
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Figure 2:
A) Serum human insulin and B) Blood glucose levels of rats in treated with () Insulin

alone, (M) Zinc-insulin, (@) Chitosan-zinc-insulin complex loaded thermosensitive
polymeric delivery systems, (X) Streptozotocin control, and (¢) Untreated control; (insulin
loading; 45 1U/kg) [n=6, mean £ SD, *: significantly different than insulin alone, and #:
significantly different than zinc-insulin at P<0.05]
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Figure 3:
Detection of anti-insulin (rH) antibodies in rat serum treated with formulations at different

insulin dosing.
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In vitro biocompatibility of the delivery systems containing chitosan + thermosensitive

polymer extracts prepared by incubating the delivery systems for 10 days, A) 37, and B)
70°C, and thermosensitive polymer only at C) 37, and D) 70°C determined by MTT cell
viability assay [n=6, mean + SD]
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A

Figure 5:
Light micrographs of rat skin histology after H and E staining: A) Control; and

subcutaneous skin tissue sampled after injecting the delivery systems containing chitosan +
thermosensitive polymer at B) Day 1, C) Day 7, D) Day 30 and E) Day 90
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Figure 6:
Light micrographs of rat skin histology after staining with Gomori’s trichrome stain: A)

Control; and skin subcutaneous tissue sampled after injecting the delivery systems
containing chitosan + thermosensitive polymer at B) Day 30, C) Day 90.
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Table 1:

In vivo pharmacokinetic parameters of insulin in rats

Fold increase in

Fold increase in AUC

meamentGrows "GRG (aayimy AU Comvared  compared o inc
Insulin alone 30 1481.36+105.6
Zinc-insulin 30 1886.68+92.2 1.27 -
Chitosan-zinc-insulin 30 2733.08+103.8 1.85 15
Insulin alone 45 1686.79+93.8
Zinc-insulin 45 2073.58+110.1 1.23 -
Chitosan-zinc-insulin 45 3458.79+153.3 2.1 13

Page 25

[Mean + SD, n=6, t: 90 days for polymeric delivery systems; Solution group (Insulin dispersed in PBS, injected via SC route), Cmax, Tmax, and
AUC(-t for solution group: 55.75+6.4 pU/ml, 1 h, and 6.18+0.35 pU.day/ml, respectively]
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