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Abstract—Glutaraldehyde and glyoxal cross-linked microspheres were prepared using chitosan with different molecular weights
(MWs) and degrees of deacetylation (DDAs) for sustained release of centchroman under physiological conditions. The DDA in
chitosan was determined by different methods, and the samples were categorized as chitosan with low (48%), medium (62%),
and high (75%) DDA. The size and shape of the microspheres were determined by scanning electron microscopy (SEM), and hydro-
phobicity was determined by adsorption of Rose Bengal dye on microspheres cross-linked with glutaraldehyde or glyoxal. The effect
of MW, DDA, and degree of cross-linking in microspheres was studied on the degree of swelling, as well as by the loading and
release of centchroman. The glyoxal cross-linked microspheres were more compact and hydrophobic and showed better sustained
release in companion to chitosan microspheres and glutaraldehyde cross-linked microspheres. The linear fractional release of cent-
chroman with the square root of time indicated a Fickian behavior of centchroman, and the microspheres also showed zero-order
release kinetics for centchroman.
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physicochemical properties'®> ' of chitosan, are mole-

cular weight (MW)'"'® and degree of deacetylation

1. Introduction

Chitosan is a naturally occurring biopolymer prepared
by alkaline partial deacetylation of chitin obtained from
the exoskeleton of shrirnps,l’2 fungi, insects, annelids,
and mollusks.! Chitosan is also produced by the enzy-
matic® deacetylation of chitin. It is a biopolymer that
is safe for industrial and biomedical applications.*’
The biodegradability® and bioadhesivity’ of chitosan
are useful properties in formulations of oral drug deliv-
ery devices, which need extended retention times in the
mucosa of the gastrointestinal tract. The positive charge
on chitosan generated under physiological conditions
was found to be responsible for its enhanced bioadhesiv-
ity and site-specific applications'®'? in controlled deliv-
ery systems. The main parameters that control the
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(DDA)."2! The DDA in chitosan also controls its bio-
degradability*? and immunological activity.>® The free
amino groups in chitosan contribute toward its solubil-
ity in acidic media and reactivity with physical®* ¢ and
chemical cross-linkers.?®?® Glutaraldehyde cross-linked
chitosan microspheres have shown dynamic storage
properties,'® ion adsorption,?®*° and immobilization of
enzyme® and systems for controlled drug delivery.®'
Recently other cross-linkers such as genepin® > and
glyoxal’*3® and other polymers®’ have been examined
for their possible applications in the biomedical field,
but few studies are reported in which glyoxal is used
as the cross-linker in controlled delivery systems.*
Therefore, in the present investigation, cross-linked
chitosan microspheres were prepared at different con-
centrations of glyoxal and glutaraldehyde using chitosan
with different DDAs. The physical properties of glyoxal
and glutaraldehyde cross-linked microspheres were
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compared for loading and release kinetics of centchro-
man’ from these microspheres. Centchroman is a non-
steroidal contraceptive and exhibits antiestrogenic
properties without affecting the hypothalamic—pitui-
tary—ovarian axes. Centchroman has also shown anti-
cancer activity; hence, investigations on a controlled
delivery system for the drug*” are considered worthwhile.

2. Experimental
2.1. Chemicals and reagents

Chitosan was purchased from Sigma—Aldrich Chemical
Company (USA) and purified by dissolving in 2% (w/w)
HOAc solution. The viscous solution was passed
through a filter to remove an undissolved fraction of
chitosan. The homogeneous filtrate was precipitated
using 1.0 M NaOH and dried at 30 °C after washing
with distilled water. Glutaraldehyde and glyoxal were
obtained from Loba Chemie, India as 25% (w/w) and
4% (w/w) solutions. The glyoxal aggregates were
removed from solution with an 8-um mesh filter before
using it as a cross-linker.

2.2. Determination of the molecular weight (MW)
of chitosan

The MW of the procured chitosan sample was deter-
mined viscometrically using Eq. 1

Mlysec = 1.81 x 107° em® g7 ' M%%*  (HOAc) (1)

2.3. Deacetylation in chitosan and its determination

To obtain chitosan with different DDAs, a 50 g chitosan
sample with 48% (w/w) DDA was heated with 50 mL of
a 40% (w/w) solution of sodium hydroxide at 80 °C for
4h.*" Similarly another sample of chitosan (48% w/w
DDA) was refluxed for 8 h to obtain chitosan with
higher DDA. The refluxed samples were separated,
washed with hot and cold distilled water, and dried.

The DDAs in the original and alkali-treated chitosan
samples were determined using potentiometric*? and IR
spectroscopic*® methods of analysis and verified further
with elemental analysis, which is based on structural
units present in chitosan.**

For the potentiometric method of determination of
DDA,* 0.025 g of chitosan was dissolved in 25 mL of
HCI (1.75 % 1073 M), and excess acid was back titrated
with NaOH (1.80 x 107> M) using a pH meter (46 CL-
Toshniwal, India). The differential volume (A V) between

T Centchroman [31477-60-8] is rel-1-[2-[4-[(3R,4R)-3,4-dihydro-7-meth-
oxy-2,2-dimethyl-3-phenyl-2 H-1-benzopyran-4-yl]phenoxyJethyl]-
pyrrolidine.

points of inflexions in the differential curve was used to
calculate the DDA in chitosan using Eq. 2

2030
1+420

where w and N are the weight of chitosan and normality
of alkali, respectively, used in titration.

In the IR method® for the determination of DDA,
the ratio of absorbance of the amide I (1655cm™") to
hydroxyl group (3450 cm™') bands of chitosan was used
to calculate the DDA using Eq. 3

DDA (%) = [l — (A1655/A3450)/133] x 100 (3)
The DDAs determined by the potentiometric and IR
methods were further verified by using the weight per-

cent of carbon (W) and nitrogen (Wy) and fitting®
the values in Egs. 4 and 5

>><100 and Q:M (2)
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2.4. Preparation of glutaraldehyde and glyoxal cross-
linked microspheres

The glutaraldehyde and glyoxal cross-linked chitosan
microspheres were prepared dissolving a known amount
of chitosan (2.0 g) in 200 mL of HOAc (2% w/w) under
vigorous stirring for about 3 h at room temperature. To
obtain microspheres, the solution was blown through
a nozzle as fine droplets into a trough containing
250 mL (5% w/w) of a methanolic solution of NaOH
(0.1 M). The chitosan microspheres that settled at the
bottom of the trough were separated after 30 min and
washed with distilled water. Since the reactivity of the
cross-linker depends upon various factors, the cross-
linking reaction was carried out at constant time (6 h)
and temperature (25 °C) and varying concentration of
cross-linkers from 2% to 12% (w/w) in a reaction vessel
containing chitin microspheres. The cross-linking of
microspheres with glutaraldehyde was carried out in
neutral solution (pH 7) and under acidic conditions
(pH 4) with glyoxal. Microspheres using chitosan with
different DDAs and MWs were also prepared using gly-
oxal and glutaraldehyde as cross-linkers. To compare
the effect of cross-linking, the non-cross-linked chitosan
microspheres were also prepared. After 6 h, the micro-
spheres were separated from the cross-linking vessel
and dried at 30 °C after washing with distilled water.

2.5. Determination of size and morphology of chitosan
microspheres

The size and morphology of glutaraldehyde/glyoxal
cross-linked chitosan microspheres (DDA 62% w/w,
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M, 1134 kg mol™") was determined with a scanning elec-
tron microscope (SEM) after mounting microspheres on
metal studs using double adhesive tape and vacuum
coating with gold. The shape of the microspheres deter-
mined by SEM analysis was expressed in terms of shape
factor (S) determined as ratio of the square of perimeter
(L) and area (A) of a selected surface of about 20 micro-
spheres*® using Eq. 6
12

= 44 (6)
where L and A are the average perimeter and area of
selected surface on microspheres, respectively.

2.6. Surface hydrophobicity of cross-linked microspheres

To determine the hydrophobic character of micro-
spheres, the volume of Rose Bengal dye adsorbed per
unit area of microspheres was determined by keeping
0.1 g chitosan microspheres of different sizes (specific
surface area) separately in 10 mL of a 0.1 M solution
of Rose Bengal dye for about 2 h to effect partitioning
of dye at the interface. The volume of Rose Bengal dye
adsorbed on microspheres of different specific surface
area (A) was determined by recording the absorbance
(Amax = 549 nm) of the remaining solution after 2 h.
The hydrophobicity of microspheres was calculated from
the slope drawn between the partition quotient (Q) ver-
sus specific surface area (4) of microspheres*’ available
for per milliliter adsorption of dye (um?/mL). The parti-
tion quotient (Q) is calculated as shown below

Volume of dye adsorbed on microspheres (mL)
Volume of dye taken for adsorption (mL)

0=

2.7. Mechanical properties and molecular weight of cross-
linked microspheres

Texture analysis of microspheres was carried out by
recording the compressive force necessary to maintain
a constant penetration of a rigid sphere indenter at the
surface of matrices. The indentate analysis was carried
out using a texture Taxt, texture analyzer (Stable Micro
System, Rheocomplan, France) with modified attach-
ment to fit a 20-pum rigid sphere indenter. The modulus
(E) was used to determine cross-linked MW (M) of the
chitosan network®® using Eq. 7

M. =32 (9" )

where £ = Young’s modulus and ¢, = the volume frac-
tion of chitosan in the microspheres.

2.8. Degree of swelling in microspheres

The degree of swelling®® in glutaraldehyde and glyoxal
cross-linked chitosan microspheres was determined by

keeping 100 mg of microspheres in 20 mL of buffered
solution (pH 7) and using Eq. 8

Su (%) = (W%OWO) % 100 8)

where W, and W, respectively, are the weights of micro-
spheres at different times of swelling and initial weights
of the microspheres.

2.9. Centchroman loading onto microspheres

Loading of centchroman onto microspheres was carried
out by keeping 100 mg of microspheres in 20 mL of
phosphate-buffered solution containing a known
amount of centchroman for 48 h. The centchroman
loading in glutaraldehyde cross-linked microspheres
was carried out at pH 5, whereas in glyoxal cross-linked
microspheres, the loading was carried out at pH 4. The
amount of centchroman loaded on micropheres was
determined by recording the absorbance (Amax =
275 nm) of the remaining solution using a UV-vis (Shi-
madzu model 1601 PC) spectrophotometer.

2.10. Centchroman release from microspheres

The drug-release behavior of the microspheres was ana-
lyzed by estimating the amount of centchroman released
at different intervals of time from 100 mg of micro-
spheres in 20 mL of release media. The amount of drug
released at each interval of 10 h was estimated by
recording absorbance at An., =275 nm with replace-
ment using a UV-vis spectrophotometer and is pre-
sented as percent release from drug loaded on 100 mg
of microspheres. The centchroman release trend from
the microspheres was divided into burst and controlled
steps of drug release. During the initial period of drug
release, when the percent of drug release within a fixed
interval of time was not constant and the microspheres
were under the swelling process, the percent of drug
release was termed ‘burst release’. When the percent
dug release within a fixed interval of time became
constant, and microspheres attained equilibrium swell-
ing, then the percent of drug release was termed
‘controlled drug release’.

3. Results and discussion
3.1. General considerations

The physical and chemical properties of chitosan depend
on its molecular weight (MW) and degree of deacetyl-
ation (DDA); hence, it is necessary to characterize chito-
san for its MW and DDA before designing a controlled
release system. The increase in DDA in chitosan in-
creases its solubility in acid and also provides opportu-
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nities for maximum cross-linking with cross-linking
agents. The chitosan samples were characterized by their
MWs, which were found to be 760, 1134, and 2227
kg mol ™', respectively. These samples were categorized
as low (LMW), medium (MMW), and high (HMW)
chitosan according to their MWs.

3.2. Degree of deacetylation (DDA) in chitosan

The deacetylation in chitosan by alkali treatment was
carried out at fixed temperature (80 °C) to avoid varia-
tion in the rate of deacetylation.'® The alkali treatment
did not show any variation in the MW of chitosan as
verified by determining the MW of alkali-treated chito-
san samples. The chemical properties of chitosan depend
on DDA; hence, DDA in the original and alkali-treated
chitosan samples was determined by methods reported
in the literature. The DDA in samples determined by
the potentiometric** method was found to be 48%,
62%, and 75% (w/w) (Table 1). The variation in DDA
on treatment of chitosan with alkali was due to the con-
version of the acetamido groups into free amino groups.
The DDA in chitosan samples determined by the poten-
tiometric method was further verified by recording their
IR spectra (Fig. 1) of chitosan samples. Transmittances
corresponding to the amide I (1=1655cm™') and
hydroxyl group (/. = 3450 cm ') bands of chitosan were
used to determine the DDA, with the ratio of the absor-
bance of amide I (4= 1655cm™') to that of hydroxyl
group (A =3450) in Eq. 3. The transmittance of the
amide I group was increased from 31.0% to 46.5%
(Fig. 1) from the original sample of chitosan (Fig. 1A)
to that of a chitosan sample treated for 8§ h (Fig. 1C).
The DDA in the chitosan samples determined by the
IR method was found to be 48%, 62%, and 75% (w/
w), respectively, as shown in Table 1. The DDAs deter-
mined by the IR method were found to be very close to
those from the potentiometric method. To further verify
the determinations, the DDAs were determined by ele-
mental analysis*’ using Eqs. 4 and 5, from which the
DDAs were found to be 48.0%, 61.98%, and 75.03%
(w/w). Thus the DDAs determined by the elemental
analysis method were found to be in agreement with
values determined by the potentiometric and IR
methods of analysis (Table 1). Depending upon these
values, the samples were marked as chitosan with low
(LDDA), medium (MDDA), and high DDA (HDDA)

having DDAs as 48%, 62%, and 75% (w/w),
respectively.

3.3. Cross-linked microspheres and their physical
characteristics

In addition to DDA in chitosan, the degree of cross-
linking also controls the properties of chitosan. Glutar-
aldehyde has frequently been used as a cross-linker, but
its reactivity in comparison with glyoxal in cross-linking
chitosan microspheres is interesting and useful. The
chitosan microspheres cross-linked with glutaraldehyde
or glyoxal were characterized for their size by scanning
electron microscopy (SEM), which shows a decreasing
trend in the size of microspheres from 119 to 31.60 um
for non-cross-linked and glyoxal cross-linked chitosan
microspheres. The microspheres prepared in the pres-
ence of glutaraldehyde were found to be larger in size
(39.78 um), which clearly indicates that glyoxal cross-
linked microspheres are more compact due to the high
degree of cross-linking in comparison with glutaralde-
hyde cross-linked microspheres. This was further veri-
fied with SEM micrographs (Fig. 2a, c, and e). The
microspheres prepared with glyoxal were smooth in
morphology (Fig. 2f) in comparison with those of pure
chitosan (Fig. 2b) and those cross-linked with glutaral-
dehyde (Fig. 2d). The cross-linking also shows an effect
on the shape of microspheres as inferred from the shape
factor.*® The shape factor (S) was decreased from
0.922 to 0.795 for pure chitosan and glyoxal cross-linked
chitosan microspheres, which indicates that micro-
spheres prepared with pure chitosan were more spherical
than glyoxal cross-linked microspheres. The shape fac-
tor for glutaraldehyde cross-linked microspheres was
found to be 0.832, which clearly indicates that these
are more spherical than glyoxal cross-linked micro-
spheres. Since the degree of cross-linking in glyoxal
cross-linked microspheres was larger, they could not
become spherical in comparison with pure chitosan and
glutaraldehyde cross-linked chitosan microspheres. The
shape factor (S) has also shown variation with MW of
chitosan. The microspheres with LMW chitosan are
more spherical than those of HMW chitosan. The
microspheres with HDDA (75% w/w) are less spherical
than those with LDDA (48% w/w). The chitosan is
hydrophilic in nature in acidic media due to the presence
of the amino groups, but hydrophilicity and solubility of

Table 1. Determination of the degree of deacetylation (DDA) in chitosan samples®

Chitosan samples Potentiometric method (%)

IR method (%)

Elemental analysis method

C (%) N (%) DDA (%)
Sample 1 48.0 48.36 8.03 48.80
Sample 2 61.8 35.36 6.22 61.98
Sample 3 74.6 28.56 5.13 75.03

4M, of chitosan = 1134 kg mol ™", original chitosan (Sample 1), 4 h (Sample 2), and 8 h (Sample 3) alkali (40% w/w) treated chitosan, degree of

deacetylation (DDA).
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Figure 1. FTIR spectra of chitosan samples (M, 1134 kg mol™') for determining DDA.

chitosan is changed on covalent cross-linking with di-
aldehydes. However, the variations in hydrophilicity
depend on the type of cross-linker and chitosan used for
cross-linking. Cross-linking with glutaraldehyde/glyoxal
increases the hydrophobic character in chitosan. The
degree of hydrophobicity in microspheres was estimated
with the volume of hydrophobic dye adsorbed per unit
area of microspheres, which was obtained from the slope
of a plot drawn between the partition quotient (Q) of the
dye and the specific surface area of the microspheres (A4)
as shown in Figures 3 and 4. The volume of Rose Bengal
dye adsorbed per unit area of pure chitosan micro-
spheres was found to be lowest (0.029 mL ym~?) in com-
parison with glutaraldehyde (0.166 mL pm~?) and
glyoxal (0.186 mL pm~?) cross-linked microspheres
(Fig. 3), which clearly indicates that microspheres pre-
pared with pure chitosan are more hydrophilic than
microspheres prepared with glyoxal as cross-linker. This
gives an indication that the degree of cross-linking in
chitosan microspheres has increased the hydrophobic
character. The hydrophobic character in the micro-
spheres also varies with DDA as clear from the trends
shown by microspheres prepared with different DDAs

(Fig. 4). The non-cross-linked microspheres prepared
with HDDA (75% w/w) microspheres were less hydro-
phobic than those prepared from LDDA (48% w/w)
material. The microspheres prepared using chitosan
with different MWs have shown similar hydrophobicity,
which indicates that MW has no significant effect on
hydrophobic interactions that arise from similar chem-
ical composition. The cross-linking in microspheres
was carried out under controlled pH for cross-linking
through a Schiff base reaction®®* rather than acetaliza-
tion.”® The IR spectra have shown a strong absorption
band at 1660 cm~' (—C=N—) in both the glutaralde-
hyde and glyoxal cross-linked microspheres, but a band
corresponding to R-O-R stretching (1910 cm™') was
missing, which provides proof that cross-linking in
chitosan had taken place through a Schiff base reaction
and not via acetalization.

3.4. Degree of swelling in cross-linked microspheres
The degree of swelling is a significant characteristic of

cross-linked microspheres that controls the loading
and release profile of the drug. The hydrophobicity in
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Figure 2. Scanning electrons micrographs of pure (a, b), glutaraldehyde (c, d), and glyoxal (e, f) cross-linked chitosan microspheres.

M, (1134 kg mol™"), DDA (62% w/w).

microspheres and size of cross-link MW (M) control
the degree of swelling. The chitosan microspheres
(62% w/w DDA) without any cross-linker have shown
a maximum degree of swelling of 300% within a period
of 20 h (Fig. 5), and then afterward, the degree of swell-
ing decreased due to the dissolution of the chitosan. The
degree of swelling in the microspheres changed signifi-
cantly on cross-linking with glutaraldehyde or glyoxal.
To compare the effect of cross-linking and type of
cross-linkers on the degree of swelling, the microspheres
were prepared using chitosan with constant DDA (62%
w/w DDA) and MW (1134 kgmol™'). The degree of
swelling in the microspheres has shown a decreasing
trend on cross-linking with glutaraldehyde or glyoxal
(Table 2). The microspheres prepared with glyoxal have
shown an overall low degree of swelling in comparison
with microspheres prepared with glutaraldehyde as the
cross-linker. The glyoxal cross-linked microspheres have
shown a maximum degree of swelling of 200% within a
period of 30h, whereas glutaraldehyde cross-linked

microspheres have shown a maximum swelling of
250% within a period of 40 h (Table 2).

The variation in degree of swelling (% Sy,) on varying
the degree of cross-linking was due to the increased
hydrophobicity in the microspheres as clear from the
volume of hydrophobic dye adsorbed per unit area of
microspheres, which was found to be highest (0.186
mL um %) with glyoxal cross-linked microspheres in
comparison with chitosan (0.029 mL pm~?) and glutar-
aldehyde cross-linked microspheres (0.166 mL pum™?)
(Table 2 and Fig. 3). The cross-linked molecular weight
(M.) in glyoxal cross-linked microspheres was found to
be 276.3 kg mol~' in comparison with chitosan (1006.8
kg mol ') and glutaraldehyde cross-linked microspheres
(184.2 kg mol 1), which clearly indicates that hydropho-
bic interactions are stronger in glyoxal cross-linked
microspheres (Table 2) in comparison with glutaralde-
hyde cross-linked microspheres. Otherwise, the degree
of swelling would have been higher with glyoxal cross-
linked microspheres (Table 2 and Fig. 3).



750 K. C. Gupta, F. H. Jabrail | Carbohydrate Research 341 (2006) 744-756

Chitosan microspheres
—o— Non-cross linked
1.0 —e— Glu-cross-linked (6°%)
—0— Gly-cross-linked (&%)
0.8
g
-
S 0.6
=
o
3
[«
o
:,9, AN
5
a
0.2+
0 1 1 1 1 |
0 2 4 6 8 10 12

Surtace Area (A)x10_8(um2/ml)

Figure 3. Determination of the degree of hydrophobicity by dye
adsorption on pure chitosan, glutaraldehyde (6% w/w), and glyoxal

(4% w/w) cross-linked chitosan microspheres. M, (1134 kg mol™"),
DDA (62% w/w).
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Figure 4. Determination of the degree of hydrophobicity by dye
adsorption method in microspheres with different DDAs.
M, (1134 kgmol ™).

3.5. Effect of molecular weight (MW) and degree of
deacetylation (DDA) on the degree of swelling

The effect of chitosan molecular weight on the degree of
swelling in glutaraldehyde/glyoxal cross-linked micro-
spheres was studied using chitosan microspheres pre-
pared with different MWSs at constant concentration

Cross-linked microsphere
—e— 6°/, Glutaraldeyde
—0— 4 *ls Glyoxal

—&— Pure Chitosan

300

200

150

Degree of swelling (/)

100

50

0 20 30 40 50 60 70
Time (hr)

Figure 5. Degree of swelling in pure chitosan, glutaraldehyde (6%
w/w), and glyoxal (4% w/w) cross-linked chitosan microspheres.
M, (1134 kg mol™"), DDA (62% w/w).

of glutaraldehyde (6% w/w) and glyoxal (4% w/w).
The microspheres prepared with LMW chitosan (760
kgmol™') have shown a high degree of swelling in
comparison with microspheres prepared with MMW
chitosan (1134 kgmol™') and HMW chitosan (2224
kg mol™"), but the overall degree of swelling in glyoxal
cross-linked microspheres remained low in comparison
with glutaraldehyde cross-linked microspheres (Table
3). The high degree of swelling in glutaraldehyde
cross-linked microspheres was due to low hydrophobic-
ity (0.164 mL pm™?) in comparison with glyoxal cross-
linked microspheres (0.186 mL um ?). The MW of
cross-links (M,) in glyoxal cross-linked microspheres
has been found to be high (253.6 kg mol™") in compari-
son with glutaraldehyde (216.32 kg mol™") cross-linked
microspheres, which clearly indicates that hydrophobic
character is more predominant in glyoxal cross-linked
material (Table 3). The microspheres prepared with
HMW chitosan show a low degree of swelling both with
glutaraldehyde (150% w/w) and glyoxal (122% w/w)
cross linkers (Table 3). The MWs of cross-links (M)
were found low in comparison with LMW and MMW
chitosan microspheres (Table 3). The low degree of
swelling and low MW of cross-links (M.) in micro-
spheres prepared with HMW chitosan have been attrib-
uted to the high degree of cross-linking in these
microspheres. The degree of hydrophobicity in micro-
spheres prepared with different MWs was found to be
constant (Table 3).

The swelling behavior of chitosan microspheres with
different DDAs was also studied. The chitosan micro-
spheres with low DDA (48% w/w) have shown a high
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Table 2. Effect of the degree of cross-linking on the physical characteristics of chitosan microspheres®

Types of chitosan microspheres Degree of swelling

Adsorption® of dye MW of cross-links (M,)

(Sw) (%) (mL pm ) (kgmol™")
Cross-linker (% w/w) Glu Gly Glu Gly Glu Gly
0 300 300.0 0.029 0.029 1006.8 1006.8
2 290 218.0 0.031 0.042 935.8 685.5
4 270 200.0 0.038 0.186 303.2 276.3
6 250 192.5 0.166 0.298 184.7 156.8
12 150 145.0 0.220 0.360 166.4 144.1

4 Chitosan M, 1134 kg mol™', DDA 62% w/w.
®Rose Bengal dye (hydrophobicity).

Table 3. Effect of M, and DDA on the physical characteristics of chitosan microspheres®

Types of chitosan microspheres

Degree of swelling

Adsorption® of dye MW of cross-links (M)

(Sw) (%) (mL pm ) (kgmol ")
M, (kgmol™') DDA (% w/w) Glu Gly Glu Gly Glu Gly
760 62.0 287.5 237.5 0.164 0.186 216.30 253.80
1134 62.0 250.0 200.0 0.166 0.187 184.70 244.00
2224 62.0 150.0 122.5 0.164 0.186 179.00 189.20
1134 48.0 282.0 212.0 0.080 0.186 332.97 345.72
1134 75.0 213.0 212.0 0.195 2.100 172.59 270.84

#Degree of cross-linking in microspheres with 6% w/w glutaraldehyde (Glu) and 4% w/w glyoxal (Gly).

®Rose Bengal dye (hydrophobicity).

degree of swelling in comparison with microspheres pre-
pared with a high degree (75% w/w) of deacetylation
(Table 3), which was due to the variations in the degree
of cross-linking. The microspheres with low DDA were
having a high MW of cross-links (M.), but their hydro-
phobicity was low (0.08 mL pm~2) due to poor cross-
linking in these microspheres (Table 3). The amino
groups in chitosan microspheres with low DDAs (48%
w/w) were low, which reduced the degree of cross-link-
ing with glutaraldehyde and glyoxal; hence, chitosan
microspheres prepared with low DDAs have shown a
high degree of swelling. In these microspheres, the
hydrophobic character of the cross-linker could not
dominate over high MW of cross-links (M,); hence,
the degree of swelling was found to be high. That the
hydrophobic character of chitosan microspheres was
changed on cross-linking with glutaraldehyde or glyoxal
is clear from the degree of hydrophobicity shown by
pure chitosan microspheres with different DDAs
(Fig. 4). The non-cross-linked chitosan microspheres
with low DDAs (48% DDA) have shown a high degree
of hydrophobicity in comparison with microspheres
with a high degree (75% w/w) of deacetylation. The
opposite trend of pure chitosan microspheres (Fig. 4)
with cross-linked microspheres was due to the presence
of sufficient free hydrophilic amino groups in the chito-
san (Fig. 4), which were otherwise consumed on cross-
linking with glutaraldehyde or glyoxal (Table 3).

The microspheres prepared using chitosan with a MW
of 1134 kg mol™' and a DDA of 62% (w/w) and cross-
linking with glyoxal (4% w/w) and glutaraldehyde (6%

w/w) have shown maximum equilibrium swelling of
200% and 250% without any degradation and dissolu-
tion for times up to 70 h (Fig. 5). Hence these micro-
spheres are considered suitable for prolonged delivery
of drugs.

3.6. Effect of molecular weight (MW), degree of deacet-
ylation (DDA), and cross-linking on the loading of
centchroman in microspheres

The effect of chitosan MW, DDA, and cross-linking on
centchroman loading capacity of microspheres was stud-
ied (Tables 4 and 5 and Fig. 6) at pH 4 (glyoxal) and
pH 5 (glutaraldehyde). The variation in loading pH
was made to obtain maximum loading in cross-linked
microspheres. MMW chitosan microspheres cross-
linked with glyoxal (4% w/w) have shown maximum
loading (40.5% w/w) in comparison with pure chitosan
(15% w/w) and microspheres cross-linked with glutaral-
dehyde (37.5% w/w). The microspheres prepared with
LMW and HMW chitosan have shown lower loading
of centchroman (Table 4). The microspheres prepared
with LMW chitosan have shown a high degree of swell-
ing due to the high MW (M,) of cross-links (Table 3),
which decreased drug retention capacity. Hence the
loading of centchroman in these microspheres was
found to be low. The glyoxal cross-linked microspheres
with LMW chitosan (Table 4) have shown low capacity
for centchroman loading (28% w/w) in comparison with
glutaraldehyde cross-linked microspheres (33.5% w/w),
which was due to the large size of the cross-links (M)
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Table 4. Effect of MW and DDA of chitosan microspheres on loading, release, and diffusion coefficient (D) of centchroman®

Types of chitosan microspheres Loading of Controlled release of Diftusion constant
centchroman (%) centchroman (%) (1072 cm?s™)
M, (kgmol™") DDA (% w/w) Glu Gly Glu Gly Glu Gly
760 62.0 335 28.0 50.10 60.00 2.889 1.190
1134 62.0 37.5 40.5 70.40 77.78 0.240 0.150
2224 62.0 30.0 25.0 32.20 33.20 0.047 0.028
1134 48.0 27.0 29.0 27.48 60.00 3.340 1.420
1134 75.0 32.0 35.0 52.38 45.86 0.021 0.021

# Glu = glutaraldehyde; Gly = glyoxal.

Table 5. Effect of the degree of cross-linking in chitosan microspheres on loading, release, and diffusion coefficient (D) of centchroman®

Types of chitosan microspheres Loading of Controlled release of Diffusion constant
centchroman (%) centchroman (%) (1072 em?s™")
Degree of cross linking (% w/w) Glu Gly Glu Gly Glu Gly
0 15.0 15.0 32.67 32.67 15.79 15.790
2 25.0 30.0 48.00 51.67 8.08 5.380
4 32.5 40.5 65.38 77.78 1.08 0.150
6 37.5 35.0 70.40 57.14 0.24 0.096
12 30.0 28.0 32.40 30.71 0.07 0.022

# Glu = glutaraldehyde; Gly = glyoxal.
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Figure 6. Loading of centchroman on pure chitosan, glutaraldehyde
(6% w/w), and glyoxal (4% w/w) cross-linked chitosan microspheres,
M, (1134 kgmol™"), DDA (62% w/w), loading time 48 h, load media:
100 mg of microspheres in 20 mL of a buffered solution of centchro-
man, pH 5 (glutaraldehyde) and pH 4 (glyoxal), at 25 °C.

in glyoxal cross-linked microspheres (253.6 kg mol™!) in
comparison with glutaraldehyde cross-linked micro-
spheres (216.32 kg mol™!). Hence the overall loading
with glutaraldehyde cross-linked microspheres was more
(37.5% w/w) than that observed with glyoxal cross-
linked microspheres (28.0% w/w). A similar trend was

shown by microspheres prepared with HMW chitosan
(Table 4); hence, variation in loading capacity of micro-
spheres for centchroman could be explained on similar
criteria. But the trend of centchroman loading in micro-
spheres prepared with MMW chitosan (1134 kg mol ™)
was found to be different from that with LMW and
HMW chitosan microspheres cross-linked with glutaral-
dehyde and glyoxal (Table 4 and Fig. 6). The high drug
loading capacity of glyoxal cross-linked microspheres
was attributed to the optimum size of the cross-links
(244 kgmol™") and the degree of swelling (200%) in
comparison with glutaraldehyde cross-linked micro-
spheres (Tables 3 and 5). The DDA in chitosan micro-
spheres has also shown variations on loading capacity
for centchroman (Table 4). The glyoxal cross-linked
chitosan microspheres (DDA, 48% and 75% w/w) have
shown high centchroman loading capacity in compari-
son with glutaraldehyde cross-linked chitosan micro-
spheres with the same DDA (Table 4). The variation
in loading trend for centchroman in chitosan micro-
spheres versus DDA and MWs (Table 4) could be ex-
plained due to substantial variations in the chemical
properties of the prepared microspheres. Microspheres
prepared with MDDA chitosan (DDA, 62% w/w) have
shown maximum loading for centchroman in the pres-
ence of both glyoxal and glutaraldehyde cross-linkers
(Table 4).

The effect of the degree of cross-linking on centchro-
man loading capacity of microspheres was also studied
by varying the concentration of glyoxal and glutaralde-
hyde in the microspheres (Table 5). The loading of cent-
chroman was increased up to a cross-linking of 6%
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(w/w) with glutaraldehyde and up to 4% (w/w) cross-
linking with glyoxal (Table 5), and then a decreasing
trend was found in both cross-linkers. The initial
increasing trend in the centchroman loading capacity
of microspheres with the increase in concentration of
cross-linkers was attributed to the increase in MW of
cross-links (M.) and degree of hydrophobicity, which
substantially increased drug retention capacity in both
types of microspheres (Tables 2 and 5). The micro-
spheres with 4% (w/w) glyoxal have shown optimum
loading of 40.5% (w/w), whereas the glutaraldehyde
cross-linked microspheres have shown a maximum load-
ing of 37.5% (w/w) at 6% (w/w) degree of cross-linking
(Table 5).

3.7. Effect of molecular weight (MW), degree of deacet-
ylation (DDA), and cross-linking on the release of
centchroman

The release characteristic of microspheres was studied
using 100 mg of centchroman-loaded microspheres in
20 mL of phosphate-buffered solution (pH 7). The
non-cross-linked chitosan microspheres showed a burst
release of 67.3% w/w of loaded centchroman within a
period of 30 h (Fig. 7), and the remaining drug (32.6%
w/w) was released in controlled manner within a period

30
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Figure 7. Centchroman release from pure chitosan and cross-linked
chitosan microspheres. M, (1134 kg mol']), DDA (62% w/w), release
media: 100 mg drug-loaded microspheres in 20 mg of a buffered
solution, pH 7, at 25 °C.

of 10 h. The release behavior of glutaraldehyde and
glyoxal cross-linked microspheres was compared using
glutaraldehyde (6% w/w) and glyoxal (4% w/w) cross-
linked microspheres obtained from chitosan with con-
stant MW (1334 kg mol™') and DDA (62% w/w). The
glutaraldehyde cross-linked microspheres released
29.60% (w/w) of loaded centchroman in a burst release
manner within an initial period of 40 h (Fig. 7), and
the remaining 70.40% (w/w) centchroman was released
in a controlled manner in the next 60 h of drug release
(Table 5 and Fig. 7), which clearly indicates that cross-
linking in chitosan microspheres has modified the
drug-release time, and a substantial amount of loaded
centchroman (70.40% w/w) was released in a controlled
manner (Table 5 and Fig. 7). To compare the release
pattern of glutaraldehyde with glyoxal, the release pat-
tern of glyoxal cross-linked (4% w/w) microspheres
has been analyzed. The glyoxal cross-linked micro-
spheres released a substantial amount of drug (77.78%
w/w) in a controlled manner within a period of 70 h,
and the remaining 22.22% of loaded drug was burst re-
leased within a period of 30 h (Fig. 7). The comparison
of the release pattern of pure chitosan with that of cross-
linked chitosan microspheres has made it clear that
loaded drug from microspheres is released in two steps,
and the amount of drug released in these steps shows a
variation on varying the degree of cross-linking and the
type of cross-linkers. The glyoxal cross-linked micro-
spheres showed significant improvement on the con-
trolled step of drug release (Table 5 and Fig. 7). The
effect of the MW of chitosan on drug-release behavior
was studied using glutaraldehyde (6% w/w) and glyoxal
(4% w/w) cross-linked microspheres (Table 4). The glu-
taraldehyde cross-linked microspheres with LMW chito-
san (760 kg mol~!) have shown a burst release of 49.90%
of loaded centchroman within a period of 30 h, and 32%
(w/w) was released in controlled manner. On the other
hand, glyoxal cross-linked microspheres with LMW
chitosan released 40.0% (w/w) loaded centchroman in
a burst release manner within a initial period of 30 h,
and the remaining 60% w/w was released in controlled
manner (Table 4). But on increasing the MW of chitosan
(MMW, 1134 kg mol™"), the burst release of centchro-
man became 29.60% (w/w) and 22.22% (w/w) in glutar-
aldehyde and glyoxal cross-linked microspheres,
respectively (Table 5), and controlled release of centch-
roman was increased to 70.40% (w/w) and 77.78% (w/
w) from these microspheres (Table 4). On further
increasing the MW of chitosan (HMW, 2224 kg mol "),
the amount of centchroman released in a controlled
manner was decreased. The HMW chitosan micro-
spheres cross-linked with glutaraldehyde showed a
32% (w/w) drug release in a controlled manner, whereas
glyoxal cross-linked microspheres showed a 33.20% (w/
w) drug release in a controlled manner (Table 4). These
observations clearly indicate that the variation in the
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drug-release pattern in microspheres prepared with dif-
ferent MWs of chitosan is due to the variation in the
MW of cross-links (M.) that controlled the diffusion
constant (D) of centchroman from the microspheres
(Table 4). On varying the MW of chitosan, the hydro-
phobicity of the microspheres was constant (Table 3),
but the DDA and cross-linking changed the degree of
hydrophobicity significantly (Tables 2 and 3), both of
which controlled the release pattern of centchroman
from these microspheres (Tables 4 and 5). The release
behavior of chitosan microspheres with constant MW
(1134 kg mol™') and different DDAs was also studied
(Table 4). On increasing the DDA from 48% to 62%
(w/w), the burst release of centchroman in glutaralde-
hyde and glyoxal cross-linked microspheres decreased,
and the controlled release of centchroman was increased
(Table 4). However, on increasing the DDA from 62%
to 75% (w/w), the amount of centchroman released in
a controlled manner decreased with both cross-linkers,
but glutaraldehyde cross-linked microspheres have
shown better controlled release (52.38% w/w) than gly-
oxal cross-linked microspheres (45.86% w/w) with the
same DDA (Table 4). The variation in DDA has not
only affected the cross-linked MW (M), but the degree
of hydrophobicity that controls the drug-release behav-
ior of the microspheres was also influenced significantly
(Table 3). The release characteristic of chitosan micro-
spheres with constant MW (1134 kg mol™!) and DDA
(62% w/w) and different amounts of glutaraldehyde
and glyoxal was evaluated (Table 5). On increasing the
degree of cross-linking in the microspheres, the con-
trolled release of centchroman was improved up to 6%
(w/w) of glutaraldehyde and 4% (w/w) of glyoxal, but
on further increasing the concentration of these cross-
linkers, the centchroman released in a burst step was
increased (Table 5). The variation in degree of cross-
linking has varied the MW of cross-links (M) and de-
gree of hydrophobicity in the microspheres (Table 2).
From these experimental variations, the characteristics
of optimized microspheres are shown in Table 6, which
clearly indicated that glyoxal cross-linked microspheres
have shown better controlled release of centchroman
than the glutaraldehyde cross-linked microspheres.

To ascertain the release kinetics and mechanism of
centchroman from cross-linked microspheres, the pat-

tern of fractional release of centchroman (M,/M.)
was analyzed by plotting a graph between fractional re-
leases of centchroman (M,/M_.) versus the square root
of release time (v/#) for microspheres prepared under
different experimental conditions.’’ The fractional
release of centchroman (M,/M..) initially increased
rapidly with chitosan microspheres, but glyoxal and glu-
taraldehyde cross-linked microspheres initially showed a
slow fractional release of centchroman (Fig. 8). The
fractional release of centchroman was constant after
30h from chitosan and glyoxal cross-linked micro-
spheres, and after 40 h with glutaraldehyde cross-linked
microspheres. The time of controlled release of centch-
roman was maximum with glyoxal cross-linked micro-
spheres (70 h) and minimum (10 h) with pure chitosan
microspheres (Fig. 8). The initial release of centchroman
from these microspheres was Fickian with regard to dif-
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Figure 8. Fractional release of centchroman from pure chitosan,
glutaraldehyde (6% w/w), and glyoxal (4% w/w) cross-linked chitosan
microspheres. M, (1134 kg mol’l), DDA (62% w/w), release media:
100 mg centchroman-loaded microspheres in 20 mL of a buffered
solution, pH 7, at 25 °C.

Table 6. Physical characteristics of optimized chitosan cross-linked microspheres®

Types of Size Shape factor (S)  Specific surface No. of microspheres M, (kgmol™')  Dye® adsorbed  Swelling
microspheresb (pm) area ( pmz/ g) X 1078 (per g) (mL um’z) (% Sw)
CH 119 0.922 5.50 14590 1006.0 0.029 300
Glu-CH 39.8  0.832 4.60 92000 184.6 0.166 250
Gly-CH 31.6  0.795 4.10 136670 276.3 0.186 200

aM, of chitosan (CH) 1134 kg mol~!; DDA (CH) 62% w/w, Glu-CH (6% glutaraldehyde), Gly-CH (4% w/w glyoxal).
® CH = chitosan; Glu-CH = glutaraldehyde cross-linked chitosan; Gly-CH = glyoxal cross-linked chitosan.

“Rose Bengal (hydrophobicity).
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fusion constant (n) of 0.5 and became non-Fickian in the
later stage of drug release, which was attributed to struc-
tural variation in microspheres on swelling and dissolu-
tion of chitosan. The fractional release of centchroman
(M,/M..) from chitosan microspheres with different
MWs, DDA, and cross-linking was also evaluated using
drug-release data and analyzed for release pattern
(Fig. 8) and diffusion constants (Tables 4 and 5). The
centchroman release from these microspheres initially
followed first-order kinetics, but after equilibrium swell-
ing, the drug release showed zero-order kinetics.”> The
initial slope of the fractional plot (Fig. 8) was used to
calculate the diffusion constant (D) of centchroman
from microspheres prepared using chitosan with differ-
ent degrees of MW and DDA and also with different
concentrations of cross-linkers (Tables 4 and 5). The
diffusion constant (D) for centchroman in glyoxal
cross-linked microspheres was found to be low in com-
parison with pure chitosan and glutaraldehyde cross-
linked microspheres.

4. Conclusions

The effects of chitosan MW, DDA, and cross-linking in
microspheres were studied, which indicate that chitosan
with medium MW (1134 kgmol™') and 62% (w/w)
DDA is useful to produce microspheres with improved
controlled release characteristics for centchroman at
6% (w/w) degree of cross-linking with glutaraldehyde
and 4% (w/w) degree of cross-linking with glyoxal.
The microspheres prepared with glyoxal were more
hydrophobic, non-spherical, and smaller in size due to
the high degree of cross-linking. These microspheres in-
creased the controlled release period for centchroman in
comparison with chitosan and glutaraldehyde cross-
linked chitosan microspheres.

Acknowledgments

Authors are thankful to IIT Roorkee, India, for provid-
ing research facilities to carry out these investigations.
One of the authors, Mr. Fawzi Habeeb Jabrail, is thank-
ful to ICCR, New Delhi, Government of India, for
awarding him a fellowship under the cultural exchange
program.

References

1. Muzzarelli, R. A. A. Chitin. In: Encyclopedia of Polymer
Science and Engineering; Wiley: New York, 1990; Vol. 3,
pp 430-441.

2. Chang, K. L. B.; Tsai, G.; Lee, J.; Fu, W. R. Carbohydr.
Res. 1997, 303, 327-332.

3. Martinou, A.; Kafetzopoulos, D.; Bouriotis, V. Carbo-
hydr. Res. 1995, 273, 235-242.

4.

13.
14.
15.

16.
17.

18.
19.
20.
21.
22.
23.
24.
25.
26.

217.

28.

29.

30.

31.
. Gupta, K. C.; Ravi Kumar, M. N. V. Biomaterials 2000,

33.
34.
35.

36.

Kurita, K.; Ishii, S.; Tomita, K.; Nishimura, S. I,
Shimoda, K. J. Polym. Sci., Part A: Polym. Chem. 1994,
32, 1027-1032.

. Felt, O.; Furrer, P.; Mayer, J. M.; Plazonnet, B.; Buri, P.;

Gurni, R. Int. J. Pharm. 1999, 180, 185-193.

. Patshnik, S.; Rabinovich, L.; Golomb, G. J. Drug.

Targeting 1997, 4, 371-380.

. Song, J. S.; Such, C. H.; Park, Y. B.; Lee, S. H.; Yoo, N.

C.; Lee, J. D.; Kim, K. H.; Lee, A. Eur. J. Nucl. Med.
2001, 28, 489-497.

. Koga, D. Adv. Chitin Sci. 1998, 3, 16-23.
. Miyazaki, S.; Nakayama, A.; Oda, M.; Takada, M.;

Attwood, D. Biol. Pharm. Bull. 1994, 17, 745-747.

. Senel, S.; Kremer, M. J.; Kas, S.; Wertz, P. W.; Hincal, A.

A.; Squier, C. A. Biomaterials 2000, 21, 2067-2071.

. He, P.; Davis, S. S.; lllum, L. Int. J. Pharm. 1998, 166, 75—

88.

. Aksungur, P.; Sungur, A.; Unal, S.; Iskit, A. B.; Squier, C.

A.; Senel, S. J. Controlled Release 2004, 98, 269-279.
Errington, N.; Harding, S. E.; Varum, K. M.; Tlum, L. Int.
J. Biol. Macromol. 1993, 15, 113-117.

Rinaudo, M.; Milas, M.; Le Dung, P. Int. J. Biol
Macromol. 1993, 15, 281-285.

Ruel-Gariepy, E.; Chenite, A.; Chaput, C.; Guirguis, S.;
Leroux, J. C. Int. J. Pharm. 2000, 203, 89-98.

Draget, K. 1. Polym. Networks 1996, 4, 143-151.

Janes, K. A.; Calvo, P.; Alonso, M. J. Adv. Drug Delivery
Rev. 2001, 47, 83-97.

Aspden, T.; Illum, L.; Skaugrud, &. Eur. J. Pharm. Sci.
1996, 4, 23-31.

Li, Q.; Dunn, E. T.; Grandmaison, E. W.; Goosen, M. F.
A. J. Bioact. Compact. Polym. 1992, 7, 370-397.

Baxer, A.; Dillon, M.; Taylor, K. D. A.; Roberts, G. A. F.
Int. J. Biol. Macromol. 1992, 14, 166-169.

Li, J.; Revol, J. F.; Marchessault, R. H. J. Appl Polym.
Sci. 1997, 65, 373-380.

Varum, K. M.; Ottoy, M. H.; Smidsred, O. Carbohydr.
Polym. 2001, 46, 89-98.

Peluso, G.; Petillo, O.; Ranieri, M.; Santin, M.; Ambrosio,
L.; Calabro, D.; Avallone, B.; Balsamo, G. Biomaterials
1994, 15, 1215-1220.

Shu, X. Z.; Zhu, K. J. Int. J. Pharm. 2005, 201, 51-58.
Mi, F.-L.; Shyu, S.-S.; Wu, Y.-B.; Lee, S.-T.; Shyong,
J.-Y.; Huang, R.-N. Biomaterials 2001, 22, 165-173.

Mi, F. L.; Sung, H. W.; Shy, S. S.; Su, C. C.; Peng, C. K.
Polymer 2003, 40, 6521-6530.

Nishioka, Y.; Kyotani, S.; Okamura, M.; Miyazaki, M.;
Okazaki, K.; Ohnishi, S.; Yamamoto, Y.; Ito, K. Chem.
Pharm. Bull. 1990, 38, 2871-2873.

Akbuga, J.; Bergisadi, N. J. Microencapsulation 1996, 13,
161-168.

Favere, V. T.; Laus, R.; Laranjeira, M. C. M.; Martins, A.
O.; Pedrosa, R. C. Environ. Technol. 2004, 25, 861-
866.

Airoldi, C.; Monteiro, O. A. C. J. Appl. Polym. Sci. 2005,
77, 797-804.

Aly, A. S. Angew. Makromol. Chem. 1998, 259, 13-18.

21, 1115-1119.

Jin, J.; Song, M.; Hourston, D. J. Biomacromolecules
2004, 5, 162-168.

Mi, F. L.; Sung, H. W_; Shyu, S. S. J. Polym. Sci., Part A:
Polym. Chem. 2000, 38, 2804-2814.

Mi, F. L.; Tan, Y. C.; Liang, H. F.; Sung, H. W.
Biomaterials 2002, 23, 81-191.

Khalid, M. N.; Ho, L.; Agnely, J. L.; Grossiord, J. L.;
Couarraze, G. STP Pharma Sci. 1999, 9, 359-364.



756

37.

38.

39.

40.

41.

42.

43.

44,

K. C. Gupta, F. H. Jabrail | Carbohydrate Research 341 (2006) 744-756

Vaz, C. M.; van Doeveren, P. F. N. M.; Yilmaz, G.; de
Graaf, L. A.; Reis, R. L.; Cunha, A. M. J. Appl. Polym.
Sci. 2005, 47, 604-610.

Yang, Q.; Dou, F.; Liong, B.; Shen, Q. Carbohydr. Polym.
2005, 59, 205-210.

Patel, V. R.; Amiji, M. M. Pharm. Res. 1999, 13, 588-593.
Lal, J.; Nityanand, S.; Ashthana, P.; Mangala, N
Meghraj, V.; Gupta, R. C. Contraception 2001, 63, 47—
51.

Sannan, T.; Kurita, K.; Iwakura, Y. Polym. J. 1977, 9,
649-651.

Gupta, K. C.; Jabrail, F. H. J. Controlled Release,
submitted for publication.

Broussignac, P. Chim. Ind., Genie Chim. 1968, 99, 1241—
1247.

Monteiro, O. C. A., Jr; Airoldi, C. Int. J. Biol. Macromol
1999, 26, 119-128.

45.

46.

47.

48.

49.

50.

S1.

52.

Jabrail, F. H. Ph.D. Thesis, IIT Roorkee, India, 2006.
Gonzalez-Rodriguez, M. L.; Holgado, M. A.; Sanchez-
Lafuente, C.; Rabasco, A. M.; Fini, A. Int. J. Pharm.
2002, 232, 225-234.

William, O. R.; Barron, M. K.; Mania, J. A.; Remunan-
Lopez, Z. Int. J. Pharm. 1998, 174, 219-222.

Khalid, M. N.; Angley, F.; Yagoubi, N.; Grossiord, J. L.;
Couarraze, G. Eur. J. Pharm. Sci. 2000, 15, 425-432.
Knaul, J. Z.; Hudson, S. M.; Creber, K. A. M. J. Polym.
Sci., Part B: Polym. Phys. 1999, 37, 1079-1094.
Solomons, T. W. G. Organic Chemistry, 2nd ed.; Wiley:
New York, 1980; pp 703-714.

Kim, S. W.; Bae, Y. H.; Okano, T. Pharm. Res. 1992, 9,
283-290.

Bezemer, J. H.; Rederma, R.; Grijma, D. W.; Dijkstra, P.
J.; Feijen, J.; van Butler Swijk, C. A. J. Controlled Release
2000, 64, 179-197.



	Glutaraldehyde and glyoxal cross-linked chitosan microspheres for controlled delivery of centchroman
	Introduction
	Experimental
	Chemicals and reagents
	Determination of the molecular weight (MW)�of chitosan
	Deacetylation in chitosan and its determination
	Preparation of glutaraldehyde and glyoxal cross-linked microspheres
	Determination of size and morphology of chitosan microspheres
	Surface hydrophobicity of cross-linked microspheres
	Mechanical properties and molecular weight of cross-linked microspheres
	Degree of swelling in microspheres
	Centchroman loading onto microspheres
	Centchroman release from microspheres

	Results and discussion
	General considerations
	Degree of deacetylation (DDA) in chitosan
	Cross-linked microspheres and their physical characteristics
	Degree of swelling in cross-linked microspheres
	Effect of molecular weight (MW) and degree of deacetylation (DDA) on the degree of swelling
	Effect of molecular weight (MW), degree of deacetylation (DDA), and cross-linking on the loading of centchroman in microspheres
	Effect of molecular weight (MW), degree of deacetylation (DDA), and cross-linking on the release of centchroman

	Conclusions
	Acknowledgments
	References


