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The chitosan microspheres were prepared by an emulsion-
ionic cross-linking method; the interaction between chitosan
and an anionic cross-linker wasstudied, and the aver age size,
surface mor phology, insulin sorption and drug release profile
of formulated microsphereswere evaluated.
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Controlled and sustained drug delivery systems have received
extensive attention because they can overcome some drawbacks
of traditional drug formulations.’® Chitosan is a promising bio-
materia for the design of drug carriers due to its nontoxicity,
biodegradability, biocompatibility and mucoadhesive properties.
In addition, chitosan is suitable for chemical modification and
capable of forming covalently or ionically cross-linked hydro-
gels.”8 Chitosan microspheres have gained significant research
atention asora protein and peptide delivery systems owing to the
favorable properties of the polymer, the large specific surface area
of particlesand the ability to encapsul ate drugs at high levels.*13
They protect proteinsfrom degradation in the stomach environment
and ensure their prolonged release in the small intestine.

The preparation of chitosan microspheres requires the use of a
cross-linking agent such as glutaral dehyde, formaldehyde, glyoxal
and genipin.'41> However, they are toxic and cause different
undesirable effects. 1617 To overcome these disadvantages, the ionic
cross-linking interaction between the positively charged amino
groups of chitosan and the negatively charged cross-linker counter-
ions can also be performed. For example, the preparation of
microspheres and microparticles via ionic cross-linking of chitosan
with citric acid asanontoxic cross-linking agent was reported.18-21
Chitosan microspheres were obtained in polymer solution at
pH 4.0. It is well known that there are low charge densities of
citric acid at pH < 4.3 and chitosan at pH > 6.3.22 Hence, the pH
range of 4.3-6.3 is preferred for ion pair formation.

Theaim of this study wasto prepare microspheres as potential
carriers for peptides and proteins using chitosan cross-linked
with citric acid. The interaction between chitosan and citric acid
at elevated pH was studied and the polymer-to-cross-linker ratios
were chosen to produce the microspheres. The chitosan micro-
sphereswere prepared by an emulsification-crosslinking technique
using polyglycerol-6-polyricinoleate-15 (PG-6-PR) as a nontoxic
nonionic stabilizing agent. The properties of formulated micro-
spheres such asaverage size, surface morphology, peptide sorption
and drug release profile were evaluated.

The interaction of citric acid and chitosan at a high polymer
solution concentration (10 g dm=) was studied.t The chitosan-
to-citric acid mass ratio was varied from 0.3 to 4.0. The curve of
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the relative turbidity of the system (A/A.) Was plotted against
the mass ratio of the components.2

The relative turbidity considerably increased as the polymer-
to-cross-linking agent mass ratio was decreased from 1.0 to 0.6
(the chitosan monomer-to-citric acid molar ratio changed from
1.2t00.7) (Figure 1).

Thisfact indicated the formation of an insoluble complex due
to electrostatic interaction between citrate and chitosan at a molar
ratio of about 1:1. Based on the results obtained, the chitosan-
to-citric acid massratios of 0.6, 0.8 and 1.0 (molar ratios of 0.7,
0.9 and 1.2, respectively) were chosen to produce the microsphere
samples S1, S2 and S3, respectively. The microspheres were
fabricated according to a previously described method.®® The
microsphere sample SO containing no cross-linking agent was
also prepared.

According to the FT-IR data* there is a difference in the
spectra of the samples (Figure 2). The cross-linked microspheres
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Figure 1 Dependence of relative turbidity (A/A,,) on chitosan-to-citric acid
mass ratio in the system.

T The citric acid solutions were added to the chitosan solutions (pH 5.0)
at different component ratios. Chitosan (82% deacetylation; number-average
molecular weight [My], 200 kDa) from Bioprogress (Russia) was used.
The samples were stored at room temperature for several days, vortexed
(Vortex Mixer, VWR International, Germany) and diluted by afactor of 50.
Optical density at 226 nm was determined for each sample with aUV-VIS
spectrophotometer (Helios Zeta, Thermo Fisher Scientific, USA). The
highest relative standard deviation did not exceed 10% (n = 3).

* TheFT-IR spectrawererecordedin KBr onan|R-380 spectrophotometer
(Nicolet, Thermo Electron Corporation, USA).
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(S1-S3) showed new peaks at 1730 and 1390 cm™?, which were
assigned to the C=0 stretching vibrations of carboxyl groups and
symmetric stretching vibrations of carboxylateions, respectively.
These results suggested the presence of ionized citric acid within
a chitosan matrix.?* Hence, observed changes can be attributed
toionicinteraction between the protonated amine groupsof chitosan
and the carboxylate ions of citric acid.

The SEM studies® revealed that microspheres were hetero-
geneous in size and had a relatively smooth surface except for
some wrinkles (Figure 3). For al the formulations obtained, the
aggregation of microspheres during the steps of washing and
drying occurred. The cross-linked samples (S1-S3) were nearly
spherical in shape. Microspheres in SO were formed despite the
absence of across-linking agent from the system, most likely, due
to the interaction of chitosan and the surfactant used. Uncross-
linked microspheres were not spherica because of the deformation
of their chitosan-surfactant shellsin the course of separation and
drying.13 Compared to uncross-linked microspheres (7.2 um), the
mass-average diameter of the microspheres of S1-S3 (5.1-5.5 um)
decreased due to a higher density of the cross-linked polymer
matrix.

To estimate encapsul ation efficiency (EE, %), loading capacity
(LC, %) and invitro drug release from the cross-linked and uncross-
linked microspheres, human insulin asamodel drug was incorpo-
rated into the samples S2 and SO by sorption.” The encapsulation
and release of a drug from the microspheres depend mainly on
theswelling ability and the degree of degradation of microspheres,
which were determined by the cross-linking density. To evaluate
the effect of achitosan matrix oninsulin loading and drug rel ease
profile, the physicochemical characteristics of selected formula-
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Figure 2 FT-IR spectraof chitosan microspheres prepared (1) in the absence

of cross-linker (sample SO) and at the chitosan-to-citric acid ratios of (2) 0.6,
(3) 0.8 and (4) 1.0 (samples S1, S2 and S3, respectively).

§ The surface morphology and size of the microspheres were estimated
using a raster electron microscope (MIRA 3, Tescan, Czech Republic).
Mass-average diameters of particles (D,,, pm) were calculated using the
equation D, = 2n,D¥n,DE, where n; is the number of particles with
diameter D; (um).

' The encapsul ation efficiency and loading capacity of each sample were
examined by suspending ~30 mg of microspheresina1.55 g dm solution
of insulin (Actrapid HM, Novo Nordisk, Denmark) in phosphate-buffered
saline (0.01 M PBS, pH 7.4). The suspension was stored for 48 h at room
temperature, and the loaded microspheres were then separated by centri-
fugation and dried in a desiccator at 40°C. The drug content of the super-
natant was determined by Bradford's protein assay. EE and LC valueswere
calculated asthe encapsulated insulin divided by the total peptide amount
used for entrapment or the weight of dry microspheres, respectively.

Figure 3 SEM microphotographs of chitosan microspheres prepared (a) in
the absence of across-linker (sample S0) and at chitosan-to-citric acid ratios
of (b) 0.6, (c) 0.8 and (d) 1.0 (samples S1, S2 and S3, respectively).

Table 1 Characteristics of the chitosan microspheres.

Swelling  Erosion

Sample Dy/um  ZP/mV ratio (%) (%)

EE (%) LC (%)

SO 7.2+0.7 73+18 1327+95 66.1+3.7 51+02 6.8+0.5
S2 55+0.5 -0.05+0.01 148.3+3.3 51.2+5.0 35.8+3.5 34.0+1.2

tions were examined (Table 1).™" The rise in the swelling ratio
and the decrease in the erosion and the zeta-potentia (ZP, mV)
of S2 compared to those of SO were attributed to the cross-linking
of chitosan molecules and the formation of a cross-linked chitosan
gel within microspheres owing to the presence of citrate.

The microspheres of S2 showed a greater ability to sorb the
peptide compared to uncross-linked formulation due to a higher
swelling ratio (see Table 1). The in vitro release of insulin from
the samples was studied.* The uncross-linked microspheres
produced a faster initial burst release of the peptide (Figure 4).

These results can be explained by a higher degree of degra-
dation of the sample SO and the formation of a gel within the
cross-linked sample S2. The slower release of insulin from
the cross-linked microspheres was observed, and approximately
50 wt% of the peptide was released into the PBS within 24 h. In
contrast, the chitosan microspheres prepared a a lower pH value
demonstrated the compl ete release of the peptide in the sametime
asthat reported previously.™ The reason is probably related to an
increased efficiency of the capture of insulin molecules by amore
tightly cross-linked polymer matrix of the microspheres S2. The
prolonged peptide release is an important characteristic in the
development of effective drug delivery systems.

These results indicate that the citrate cross-linked chitosan
microspheres are a promising platform for the development of
systems for the long-term delivery of peptide and protein drugs.

T Swelling ratio and erosion of the batches were determined by aslightly
modified method described previously.?> The unloaded microspheres were
incubated in PBS (pH 7.4) at room temperature for 6 and 48 h, respectively.
Then, the particles were separated by centrifugation. Inthefirst case, they
were reweighed after wiping of excess of liquid with a tissue paper. To
evaluate the mass loss, the collected microspheres were washed twice
with distilled water by centrifugation, dried in an oven at 40°C for 24 h
and reweighed. The swelling ratio and erosion were calculated as the mass
changedivided by weight of initial dry microspheres. Zeta-potential measure-
ments were performed with Zetasizer Nano ZS (Malvern Instruments, UK).
The samples were prepared according to reported procedure.?®

+The microspheres were incubated in 0.01 M PBS (pH 7.4) at 37°Cina
thermostatic shaker under mild agitation (100 rpm). At predetermined time
intervals the supernatant was collected by centrifugation. The amount of
insulin released from the microspheres was determined by the Bradford's
protein assay.
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Figure 4 In vitro percentage cumulative release of insulin from the (1)
uncross-linked SO and (2) cross-linked S2 chitosan microspheres.

The FT-IR spectra were recorded using the equipment of the
Mendeleev Center for Collective Use.
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