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Abstract

Novel chitosan phthalate microspheres containing insulin were prepared by emulsion cross-linking
technique. The feasibility of these microspheres as oral insulin delivery carriers was evaluated. The
pH-responsive release behaviour of insulin from microspheres was analysed. The ability of chitosan
phthalate-insulin microspheres to enhance intestinal absorption and improve the relative pharma-
cological availability of insulin was investigated by monitoring the plasma glucose and insulin level
of streptozotocin-induced diabetic rats after oral administration of microspheres at insulin dose of
201U kg™". In simulated gastric fluid (pH 2.0), insulin release from the microspheres was very slow.
However, as the pH of the medium was changed to simulated intestinal fluid (pH 7.4), a rapid
release of insulin occurred. The relative pharmacological efficacy for chitosan phthalate micro-
spheres (18.66£3.84%) was almost four-fold higher than the efficacy of the chitosan phthalate-
insulin solution administration (4.08+1.52%). Chitosan phthalate microspheres sustained the
plasma glucose at pre-diabetic level for at least 16 h. These findings suggest that the microsphere is
a promising carrier as oral insulin delivery system.

Introduction

Diabetes mellitus is a disorder caused by decreased production of insulin or by decreased
ability to use insulin, leading to increased glucose levels in the blood. More than 30 million
people around the world suffer from insulin-dependent diabetes mellitus (Chun-Lei &
Ying-Jie 2004). The most common therapy is insulin injected subcutaneously two to four
times a day, which is painful and inconvenient, resulting in poor patient compliance (Pillai &
Panchagnula 2001). Therefore, other routes of administration have been developed—nasal,
buccal, rectal, vaginal, pulmonary and transdermal (Trehan & Ali 1998). Oral administra-
tion is the most convenient route and has physiological advantages (i.e. insulin undergoes a
first hepatic bypass, thus ensuring a primary effect by inhibiting hepatic glucose output)
(Krauland etal 2004). However, oral delivery of insulin is limited due to acid and enzymatic
degradation in the gastrointestinal tract, low epithelial permeability and instability under
formulation conditions (Lee etal 2000). Research literature is available that addresses vari-
ous approaches, such as alternative routes, absorption enhancers, protease inhibitors, chem-
ical modification and dosage forms, which have been examined to overcome the delivery
problem of insulin via the gastrointestinal tract (Lee & Yamamoto 1990; Mackay etal
1997). There has recently been increasing interest in developing a new carrier able to pro-
tect insulin from acid and enzymatic degradation in the gastrointestinal tract and to facilitate
its transport from the gut lumen to the blood compartment.

Chitosan [poly (1,4-3-D-glucopyranosamine)] is a polysaccharide derived from naturally
occurring chitin in crab and shrimp shells by alkaline deacetylation. This polymer has been
investigated extensively for several potential applications in the pharmaceutical field, such
as the development of various delayed drug delivery systems. This is due to its appealing
intrinsic characteristics, which include biodegradability, biocompatibility, bioadhesiveness
and ability to open epithelial tight junctions to allow an increase in the paracellular transport
of macromolecular drugs (Thanou etal 2001a; Hejazi & Amiji 2003). Notable studies have
investigated the oral delivery of insulin by using chitosan microspheres, microparticles and
nanoparticles as a carrier (Pan etal 2002 a, b). However, chitosan suffers from high solubility
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in gastric pH 2.0 and low solubility in physiological pH 7.4,
which limits its use as a carrier in oral delivery of insulin.
Recently, a chitosan derivative, chitosan phthalate, has
attracted more attention in oral drug delivery systems
because of its low solubility in acidic pH and high solubility
in basic pH. Aiedeh & Taha (1999) reported that chitosan
phthalate polymer protects the drug molecule from acidic
pH 2.0 and most of the drug molecule releases in alkaline
pH 7.4. In our earlier studies, we found that chitosan phtha-
late microspheres protect insulin from acid and enzymatic
degradation in the gastrointestinal tract (Ubaidulla etal
2007).

In this study, the feasibility of chitosan phthalate micro-
spheres as oral delivery carriers of insulin was evaluated by
investigating the pH-responsive release behaviour of insulin
in the physiological pH range and in-vivo pharmacological
activity of insulin loaded chitosan phthalate microspheres in
diabetic rats.

Materials and Methods

Materials

Chitosan phthalate polymer was synthesized in house using a
method reported earlier (Aiedeh & Taha 1999). The degree of
phthalate substitution was 16%. Porcine insulin (specific
activity of 231U mg™!) was obtained from Abbott Laborato-
ries (Abbott Park, IL). Pepsin and trypsin were purchased
from Sigma (St Louis, MO). Light liquid paraffin, glutaralde-
hyde (25% v/v), Span 80, sodium sulfate (Na,SO,), sodium
dihydrogen phosphate (NaH,PO,) and phosphoric acid
(H;PO,) were procured from Merck (Bombay, India). Micro
BCA kit was purchased from Pierce (Rockford, IL). All other
reagents were of analytical grade.

Preparation of microspheres

Chitosan phthalate microspheres were prepared by an emul-
sion cross-linking method (Ubaidulla etal 2007). Chitosan
phthalate was dissolved in 15mL of distilled water. The
aqueous phase was extruded through a syringe (No. 20) in
100 mL of the external oily phase of liquid paraffin contain-
ing 0.2% Span 80 and stirring was carried out using a pro-
peller stirrer (Remi, India) at 1500 rev min~!. After 15 min,
I mL of glutaraldehyde (25% v/v aqueous solution) was
added drop-by-drop to the emulsion and stirring was contin-
ued. The emulsion was left stirring for 1 h and then was cen-
trifuged (Remi, India) at 2000 rev min~' for 15 min. The
microspheres were separated by filter paper and washed
with petroleum ether. The microspheres were then dried
under vacuum and stored at 4-8°C before use in further
studies.

Insulin loading of microspheres

The insulin loading of microspheres was performed using a
passive absorption technique (Jameela etal 1994) by incu-
bating 1% (w/v) chitosan phthalate microspheres and 0.5—
2.0% (w/v) insulin in PBS pH 7.4 under shaking at 25°C.

After incubation for 12h, the suspension was centrifuged
(12 000 rev min~! for 15 min) to remove the unloaded insu-
lin. The degree of loading was determined by quantifying
non-bound insulin in supernatant with Micro BCA tech-
nique. The loading efficiency (LE) and loading capacity
(LC) of the microspheres was determined by using Equa-
tions 1 and 2:

LE=(Total amount of insulin —insulin in
supernatant)/total amount of insulin (1)

LC=(Total amount of insulin —insulin in
supernatant)/weight of microspheres 2)

Scanning electron microscopy (SEM)

The shape and surface characteristics of the microspheres
were studied by scanning electron microscopy (Leo 435VP;
UK). The samples for SEM analysis were mounted on metal
grids using double-sided adhesive tape and coated with gold
under vacuum before observation.

Particle size analysis

The size of the microspheres was measured by using a laser
light scattering technique (Mastersizer 2000; Malvern
instruments, UK). The microsphere suspensions (dispersed
in paraffin oil) were placed in a stirred tank and were circu-
lated through the cell, which was placed in the path of the
laser beam. The scattered light was received on a detector
consisting of photosensitive rings that detected microsphere
diameters.

Zeta potential

The microspheres were dispersed in de-ionised water at pH
6.0 and surface charge (zeta potential) was measured by
using a Malvern 3000 HS zetasizer (Malvern Instruments,
UK).

In-vitro release study

The in-vitro release of insulin from microspheres was car-
ried out in simulated gastric fluid (SGF) and simulated
intestinal fluid (SIF) media (without enzymes) using a
shaker (Lab-Therm, Kuhner, Switzerland) under physiologic
conditions at 37°C with a shaking frequency of 50rev min~!.
A sample of chitosan phthalate microspheres was suspended
in 100 mL dissolution medium. At scheduled time intervals,
the release medium was withdrawn and replaced with the
same volume of fresh medium. Samples were centrifuged at
12 000 rev min~! for 10 min and supernatant insulin concen-
tration was analysed by Micro BCA technique.

Circular dichroism (CD)

The samples were prepared using a method reported earlier
(Hinds etal 2005). CD spectra were recorded on a J-710 spec-
tropolarimeter (Jasco, Japan) equipped with a J-710 for



windows software (Jasco). A 0.1-cm path cell and 200-—
250nm for far-UV CD and a 1.0-cm path cell and 250—
300 nm for near-UV CD were used. The instrument was cali-
brated using an aqueous solution of D-10-camphorsulfonic
acid (0.6 mg mL™"). The data were expressed as mean residue
ellipticity [¢m] according to the expression:

[6m]=6/ncl x 100 3)

Where 6 is the observed ellipticity (m deg), n is the total
number of residues of the protein, 1 is the optical path length
(cm) and c is the protein concentration (g mL™h.

In-vivo studies

The animals used for in-vivo experiments were adult Wistar
male albino rats, 230-250 g, provided by the Central Animal
House of our school. The study protocol was approved by the
institutional Animal Ethics Committee, Hamdard University,
New Delhi, India.

Diabetes was induced by an intravenous injection of
45 mg kg_1 of streptozotocin (Sigma, MO) dissolved in 0.1 M
citrate buffer solution (pH 4.0). The glucose level was meas-
ured before the experiment and rats that had a glucose level of
only 280-380mg dL~! were used. The diabetic rats were
fasted for 12h before experiments. Rats were randomly
divided into four groups, and each group (n=6) was housed
in cages. The following formulations were administered: 1,
subcutaneous insulin solution (insulin dose 2 IU kg_l); 2, chi-
tosan phthalate-insulin solution (insulin dose 20 TU kg_l); and
3, chitosan phthalate microspheres (insulin dose 20TU kg™").
The dosed rats were fasted for 12h and kept in restraining
cages with free access to water. Twelve hours after applica-
tion, the rats were fed. Blood samples were collected from the
rats at different time intervals (0, 1, 2, 4, 6, 8, 12, 16, 20 and
24 h) after dosing and glucose level was measured by the glu-
cose-oxidase method (Life scan strip; Johnson & Johnson
Company, USA). The initial blood glucose levels were con-
sidered as 100%. Using this value, the percentage of glucose
reduction at each time after dosing was calculated and plotted
against time. Insulin levels in rat serum were determined
using a commercially available kit (Active Insulin ELISA;
Diagnostic System Laboratories, USA).

Statistical analysis

Relative pharmacological availability (PA %) was calculated
by using Equation 4. The same equation was used in calcula-
tion of the relative bioavailability (F %); however, the AUC
(area under curve) values were substituted instead of the
AAC values (Nakamura et al 2004).

PA %=(AAC,,/AAC,.)  (Dose, /Dose,,) X 100 (4)

where, PA is the pharmacological availability of the insulin
and AAC,, and AAC,, are area above the curve of reduction
in blood glucose levels for oral and subcutaneous administra-
tion, respectively. The area above the percentage glucose
change versus time curve (AAC) was calculated by the trape-
zoid method.
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Data were analysed by a one-way analysis of variance fol-
lowed by Tukey’s test at a 95% confidence interval to test for
significant differences between formulations at each time
point with regards to glucose and insulin levels.

Results and Discussion

Insulin loading of chitosan phthalate
microspheres

Since peptide and protein drugs, such as insulin, should not
be exposed to the harsh process involved in microsphere
preparation, insulin loading was performed by a passive
absorption technique with different percentage of insulin
loading (0.5, 1, 1.5 and 2% w/v). The results showed that
there was no effect on LC and LE of the microspheres with
different percentage loading. When percentage insulin load-
ing increased, a greater concentration of the insulin remained
unbound. Therefore, 0.5% w/v insulin loading was selected
as the optimal concentration because a small amount of insu-
lin was unbound during the loading process compared with
other percentage insulin loadings. The LC and LE of insulin
were about 62% and 88%, respectively.

Morphology, particle size analysis and zeta
potential

Scanning electron microscopy of chitosan phthalate micro-
spheres is shown in Figure 1. The microspheres were spheri-
cal in shape with smooth surfaces. It can be observed that
polymer cross-linking with glutaraldehyde was successful,
which led to uniform formation of spheres. The free amino
group of chitosan phthalate is cross-linked with the aldehyde
group of glutaraldehyde to form Schiff base (imine group).
The mean particle size of the microspheres was found to be
13.14+ 1.2 yum. Zeta potential measurement revealed a net
positive charge on the chitosan phthalate microspheres and
the average zeta potential was found to be +10+1mV. The
unreacted amino groups present in chitosan phthalate micro-
spheres may be responsible for this positive zeta potential.

Release of insulin from microspheres

Taking into account an average gastric transit time, drug
release was investigated in SGF between 0 and 2 h and in SIF
between 2 and 12 h. As shown in Figure 2, a small fraction of
insulin (less than 20%) was released in SGF, verifying the
protective nature of the chitosan phthalate microspheres. In
contrast, the release of insulin was markedly increased in SIF.
The results suggest that the present microsphere formulation
is able to control the insulin release in SGF and almost com-
pletely releases drug in SIF. The microspheres in SGF did not
swell under the release conditions, surface bound drug was
mostly released. The result can be attributed to the fact that
under acidic conditions (SGF), the carboxylic groups present
in the system exist in non-ionized form and are poorly
hydrophilic. In the case of SIF, the carboxylic groups exist in
ionized form and hence are considerably hydrophilic. It may
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Figure 2 In-vitro release of insulin from microspheres in the presence
of SGF (pH 2.0, circles) and SIF (pH 7.4, diamonds). SGF, simulated
gastric fluid; SIF, simulated intestinal fluid. Data are means £s.d., n=3.

be noted that similar findings were observed in swelling studies.
The fast release of insulin in SIF was attributed to the higher
permeability of buffers into the microspheres, which resulted
in more swelling of the polymers.

Further, the in-vitro release data in SIF were analysed by
Ritger & Peppas (1987) model. The initial 60% cumulative
release data were used to estimate the diffusional exponent, n,
by using Equation 5:

M/M,, =kt" (5)

where, M, is the amount of drug released at time t, M, is
the nominal total amount of drug released, k is the kinetic
constant and n is the diffusional exponent that is used to
characterize the release mechanism. By applying the least-
squares method to the release data at 95% confidence level,
we estimated the values of n and correlation coefficient r.
The n value was found to be 0.51 £0.04 with good correla-
tion coefficient r (0.99). The n value indicates that the
release of insulin from microspheres follows Fickian diffu-
sion behaviour.

Circular dichroism (CD)

Figure 3A shows the far-UV CD spectra of the 12"-hour
in-vitro released sample and native insulin. The in-vitro
release sample showed two minima at 208 and 223 nm; no
significant difference was observed when compared with
CD spectra of native insulin (PBS, pH 7.4, at a concentra-
tion of 0.1 mgmL™!). The far-UV CD spectrum gives
information about the secondary structure of insulin, since
the polypeptide backbone absorbs in this region according
to the type of secondary structure formed—either a-helix
or 3-sheet. Figure 3B, the near-UV spectra (250-300 nm),
shows the tertiary structure conformation of insulin. It
gives a single minimum at 274 nm, owing to the presence
of chromophores which absorb in this region—aromatic
amino acid, tyrosine (Quaglia et al 2003). The result indi-
cated that the structure of the encapsulated insulin is not
altered.

In-vivo evaluation of insulin loaded chitosan
phthalate microspheres

The plasma glucose concentration—time profile after insulin
administration to diabetic rats is shown in Figure 4. The per-
centage reduction of blood glucose level (pharmacological
response) after subcutaneous injection at 1 h was found to
be 43.82 +4.82% and the effect was maintained only for 6 h.
When insulin-loaded chitosan phthalate microspheres were
orally administered to the diabetic rats, a decrease in plasma
glucose levels was observed. The results were significantly
different when compared with the chitosan phthalate-insulin
control solution (P <0.001). Pharmacokinetic parameters of
glucose levels after dosing are shown in Table 1. The
chitosan phthalate microspheres produced a minimum glu-
cose level of 51.54%+3.42% at 6h and the reduction in
glucose level was maintained over a prolonged period of
time. This result may be attributed to the improved stability
of insulin in the gastrointestinal tract using chitosan phthalate
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Figure 3 Far-UV CD spectra (A) and near-UV CD spectra (B) of insulin (—) and released sample (---).
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Figure 4 Effect on plasma glucose concentrations after the adminis-
tration of different dosage forms to diabetic rats: subcutaneous insulin
(circles); chitosan phthalate-insulin solution (triangles); insulin-loaded
chitosan phthalate microspheres (squares). Data represent the
mean +s.d., n=6 per group. *P <0.01, chitosan phthalate microspheres
versus oral solution and subcutaneous administration.

microspheres, which protect insulin from degradation by
gastric pH and various enzymes. Orally administered chi-
tosan phthalate-insulin solution at the same dose showed
slight reduction in blood glucose level due to degradation of
insulin by proteolytic enzymes in the gastrointestinal tract.
The relative pharmacological efficacy for chitosan phthalate
microspheres (18.66+3.84%) was almost three-fold higher
than the efficacy of the oral insulin administration
(4.08+1.52%).

Figure 5 compares the plasma insulin levels after admin-
istration of chitosan phthalate microspheres, chitosan phtha-
late-insulin solution and subcutaneous injection. The plasma
insulin concentration increased from 6h after administra-
tion; a maximum plasma insulin concentration of
412.24+68.98 ,IU mL~! was observed with chitosan phtha-

late microspheres, and the bioavailability of insulin was
14.82+2.56% (Table 2). A reduction in blood glucose lev-
els accompanied the absorption of insulin. The hypoglycae-
mic effects were observed between 6 and 24 h after the oral
administration of chitosan phthalate microspheres contain-
ing insulin. These results clearly showed the ability of chi-
tosan phthalate microspheres to enhance the absorption of
insulin from the gastrointestinal tract. The enhanced gas-
trointestinal absorption could be attributed to the positive
charge of the microspheres being the factor responsible for
interaction with the negative site of the tight junction and
the subsequent widening of the paracellular transport route
(Madara 1987). The poor solubility of chitosan at pH
values >6.5 hampers its usefulness as an absorption enhancer
of protein and peptide drugs at neutral pH (Thanou etal
2001b), whereas in this study we demonstrate modification
of chitosan (i.e. chitosan phthalate) with superior solubility
at neutral pH. According to this strategy, the oral absorption
of insulin can be dramatically increased by using chitosan
phthalate microspheres.

Conclusions

Chitosan phthalate microspheres were prepared by emulsion
cross-linking. Insulin was successfully entrapped into the
microspheres. Microspheres were spherical with a narrow
size distribution. Microspheres showed the greatest change
in insulin release rate as the pH changed from low to high
values and created the greatest protective effect for insulin
in the simulated gastric condition. Furthermore, micro-
spheres could release insulin in its active form in-vivo and
they were able to improve the intestinal absorption of insu-
lin to a greater extent than insulin-chitosan phthalate solu-
tion. The microspheres offer the potential for improved oral
bioavailability and sustained delivery of insulin. Further,
ongoing research indicates that this microsphere is useful
for oral controlled delivery of other proteins for several
therapeutic applications.
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Table 1 Main pharmacokinetic parameters for plasma glucose levels after oral administration of chitosan phthalate microspheres and chitosan
phthalate-insulin solution, as well as after subcutaneous injection of insulin to rats

Parameter Subcutaneous Chitosan phthalate-insulin Chitosan phthalate
injection solution microspheres

Insulin dose (IU kg™!) 2 20 20

Minimum glucose level (% of the initial level) 43.82+4.82 82.44+5.62 51.54+3.42

Time point of minimum glucose level (h) 1.00+0.18 4.00£0.45 6.00+0.27

AACy_y4 329.79+12.22 134.66+8.41 615.46+11.67*

Relative pharmacological efficacy (PA%) — 4.08+1.52 18.66 £3.84*

Results are expressed as mean £ s.d., n=6. *P <0.001, chitosan phthalate microspheres versus oral solution and subcutaneous injection.

Table 2 Pharmacokinetic parameters for plasma insulin levels after oral administration of chitosan phthalate microspheres and chitosan phthalate-

insulin solution, as well as after subcutaneous injection of insulin to rats

Pharmacokinetic parameter Subcutaneous injection

Chitosan phthalate-insulin solution

Chitosan phthalate microspheres

Insulin dose (IU kg’l) 2 20 20

Chax (11U mL™h 469.63+52.44 139.65+24.87 412.24 +68.98
tnax () 1.00+0.06 2.00+0.39 6.00+0.14
AUC (;1U h mL™") 3162.861+92.36 1819.85+89.74 4687.36 £ 116.78*
Relative bioavailability (F %) — 5.75+£0.92 14.82 £2.56*

Results are expressed as mean £ s.d., n=6. *P <0.001, chitosan phthalate microspheres versus oral solution and subcutaneous injection.
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Figure 5 Plasma insulin concentrations after the administration of dif-
ferent dosage forms to diabetic rats: subcutaneous insulin (triangles);
chitosan phthalate-insulin solution (circles); insulin-loaded chitosan
phthalate microspheres (squares). Data represent the meants.d., n=6
per group. *P <0.01, chitosan phthalate microspheres versus oral solu-
tion and subcutaneous administration.
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