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a  b  s  t  r  a  c  t

Chitosan  and  thiolated-chitosan  based  xerogels  have  been  prepared  by  lyophilising  aqueous  gels  of  the
polymers  incorporating  glycerol,  d-mannitol  and  BSA  with  an  annealing  process.  Analytical  characterisa-
tion  was  by  circular  dichroism,  infrared  spectroscopy,  X-ray  diffraction  and  scanning  electron  microscopy.
Swelling  capacities  of  1110  ±  23.3%  and  480  ±  18.2%  were  obtained  for the  chitosan  and  TG-chitosan  xero-
gels  respectively.  Thiolation  caused  improved  in  vitro  mucoadhesive  properties  by  demonstrating  peak
eywords:
hiolated-chitosan
yophilisation
ucoadhesion

uccal delivery

adhesive  force  of  4.5  ± 0.7  and  5.8 ± 0.2  N, and  total  work  of  adhesion  of  6.5  ±  1.0 and  19  ± 0.8  mJ  for
chitosan  and  thiolated-chitosan  xerogels  respectively.  In  vitro  drug  dissolution  studies  using  Bradford’s
assay  showed  BSA  release  of  91.5  ±  3.7%  and  94.4  ± 7.3%  from  the  chitosan  and  thiolated-chitosan  xero-
gels  respectively.  These  results  demonstrate  the  potential  of developing  lyophilised  thiolated-chitosan
xerogels  with  optimised  mucoadhesion  characteristics  for  buccal  mucosa  delivery  of  protein  based  drugs.
rotein

. Introduction

The concept of mucoadhesion has gained increased attention in
harmaceutical technology over the past two decades and might
rovide opportunities for novel, highly efficient dosage forms, suit-
ble for buccal drug delivery (Thanou, Nihot, Jansen, Verhoef, &
unginger, 2001).

Chitosan (Fig. 1(a)) a polyaminosaccharide derived from chitin
as discovered 200 years ago (Muzzarelli et al., 2012). Chitosan

xhibits mucoadhesive properties and is often used to enhance
he residence time of a drug in the mucosal membrane thereby
ncreasing drug bioavailability. Its hydrophilicity and the presence
f functional amino groups and a net cationic charge make chitosan

 suitable polymer for the intelligent delivery of macromolecular
ompounds, such as proteins and genes. The poor solubility of chi-
osan in neural or alkaline medium however limits its usage. The
olubility in aqueous solvents of up to a pH of 6.5 is however attain-

ble via the protonation of the glucosamine unit to produce soluble
-NH3

+ (Kumar, Muzzarelli, Muzzarelli, Sashiwa, & Domb, 2004).

Abbreviations: ATR-FTIR, attenuated total reflectance Fourier transform
nfrared; BSA, bovine serum albumin; CD, circular dichroism; DTT, dithiotreitol;
PC, gel permeation chromatography; PAF, peak adhesive force; PBS, phosphate
uffered saline; SEM, scanning electron microscopy; TA, texture analyser; TGA,
hermo-gravimetric analysis; TWA, total work of adhesion; XRD, X-ray diffractom-
try.
∗ Corresponding author. Tel.: +44 0208 331 8980; fax: +44 0208 331 9805.

E-mail addresses: j.s.boateng@gre.ac.uk,  joshboat@hotmail.com (J.S. Boateng).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.carbpol.2012.04.039
© 2012 Elsevier Ltd. All rights reserved.

The unique properties exhibited by chitosan have further been
improved by derivatization of the amine functionality. Recently, it
has been shown that polymers with thiol groups (thiomers) possess
much higher adhesive properties than polymers generally consid-
ered mucoadhesive (Bernkop-Schnürch, 2000). Sulfhydryl bearing
agents can be covalently attached to this primary amino group via
the formation of amide bonds where the carboxylic acid group
of the ligand, such as thioglycolic acid (TGA) is conjugated with
chitosan via the primary amino group, mediated by a water sol-
uble carbodiimide (Fig. 1) (Kast & Bernkop-Schnürch, 2001). The
improved mucoadhesive properties of TG-chitosan are explained
by the formation of stronger covalent bonds between thiol groups
of the polymer and cysteine rich sub-domains of glycoproteins
present in the mucus layer (Leitner, Walker, & Bernkop-Schnürch,
2003; Snyder, Reddy, Cennerazzo, & Field, 1983).

A number of variable parameters capable of altering the inter-
action between chitosan and the mucosal layer can affect the
mucoadhesive property of the polymer. These include but are not
limited to polymer molecular weight (Andrew, Laverty, & Jones,
2009; Tiwari, Goldman, Sause, & Madan, 1999), polymer concentra-
tion (Solomonidou, Cremer, Krumme, & Kreuter, 2001) and method
of drying. Grabovac, Guggi, and Bernkop-Schnürch (2005) reported
that the method of drying is vital as it influenced the mucoadhesive
potential of polymers. They showed that lyophilised TG-chitosan
produced greater mucoadhesion than others dried by precipitation

in organic solvents.

The addition of plasticizers to polymeric dosage forms also
imparts flexibility, reduces brittleness, increases toughness and
improves flow. It achieves this by interposing itself between the

dx.doi.org/10.1016/j.carbpol.2012.04.039
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:j.s.boateng@gre.ac.uk
mailto:joshboat@hotmail.com
dx.doi.org/10.1016/j.carbpol.2012.04.039
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Fig. 1. Synthesis of TG-chitosan: (a

olymer chains and interacting with polymer functional groups to
educe interaction and intermolecular cohesive forces between the
olymer chains (Boateng et al., 2009).

The aim of this study was to formulate and evaluate the char-
cteristics of lyophilised chitosan and TG-chitosan xerogels as
otential drug delivery systems via the buccal mucosa.

. Experimental

.1. Materials

Chitosan (medium molecular weight, 190–310 kDa, 75–85%
eacetylated), BSA (mol wt ∼ 66 kDa), glycerol, d-mannitol,
oomassie blue (Bradford reagent), thioglycolic acid, N-(3-
imethylaminopropyl)-N-ethyl carbodiimide hydrochloride
EDAC), l-cysteine hydrochloride, 5,5′-dithiobis(2-nitrobenzoic
cid) (Ellman’s reagent), dithiotreitol (DTT), pullulan 200,000 stan-
ard, Spectra/Por® Float-A-Lyzer® G2 dialysis device (8–10 kDa
olecular weight cut-off; cellulose ester membrane) and mucin

rom bovine submaxillary gland, Type I-S were all obtained from
igma (Gillingham, UK). Pulverised gelatine was purchased from
ischer Scientific (Loughborough, UK). All other reagents were of
nalytical grade and were used without further purification.

.2. TG-chitosan synthesis

TG-chitosan was synthesised as previously described
Saboktakin, Tabatabaie, Maharramov, & Ramazanov, 2011).
00 mg  of chitosan was dissolved in 50 ml  of 0.1 M HCl. An equiv-
lent of 500 mg  of thioglycolic acid (TGA) was added, the pH
djusted to 5 with 1 M NaOH and 50 mM EDAC added in order
o activate the carboxylic moieties of TGA. After an incubation
eriod of 4 h at room temperature with continuous stirring, the
esulting thiolated polymer was dialysed to remove unconjugated
GA against different aqueous media. The order of removal was  as
ollows: 8 h against 5 l of 5 mmol/l HCl, 8 h against 5 mmol/l HCl
ontaining 1% NaCl (twice) to prevent ionic interactions between
he cationic chitosan and the anionic sulfhydryl ligand and finally

 h against 5 l of 5 mmol/l HCl (twice in the dark). This was done
sing a Spectra/Port® Float-A-Lyzer® G2 dialysis device (Sigma,
illingham, UK). The dialysed products were either used directly

or gel formulation or lyophilised (Table 1) and stored at 4 ◦C pend-
ng further analysis. The amount of thiol group immobilized was
etermined by Ellman’s reaction and standard cysteine HCl curve
r2 > 0.99) as previously reported (Bernkop-Schnürch, Guggi, &
inter, 2004). The average molecular weights (Mw)  of chitosan and
G-chitosan were monitored with Agilent technologies 1100 series
el permeation chromatography (GPC) analysis system equipped

ith an isocratic pump and a refractive index detector. Samples
ere dissolved in buffer 0.2 M CH3COOH/0.1 M CH3COONa and

luted through Tosoh TSK-GEL PW column (7.8 mm × 300 mm,
0 �m)  at a flow rate of 1 ml/min at 30 ◦C using the same buffer as
osan, (b) TGA, and (c) TG-chitosan.

mobile phase and pullulan 200,000 as standard. The resulting GPC
data were analysed with Agilent Chemstation software.

2.3. Gel formulation and freeze drying

Formulations were prepared by adding 10% (relative to dry
polymer weight) each of glycerol and mannitol as plasticizer
and cryoprotectant respectively to the recovered dialysed gel and
loaded with 50% BSA as a model protein drug. The final gel con-
taining 1% (w/v) TG-chitosan was stirred continuously for 30 min
at room temperature to obtain a homogeneous mixture which was
kept at room temperature to remove all air bubbles. Unmodified
chitosan gel was used as the control.

6.5 g each of the chitosan and TG-chitosan gels prepared above
were transferred into moulds (diameter 35 mm)  (Thermo Fisher
Scientific, Leicester, UK) and freeze dried using an automated
lyophilisation cycle incorporating an annealing process (Table 1) on
a Virtis AdVantage XL 70 freeze dryer (Biopharma Process Systems,
Winchester, UK). The end of the primary drying (ice sublimation)
stage was determined by probes signalling equal product and shelf
temperatures. The cycle was  based on previous preliminary ther-
mal  characterisation by DSC (Ayensu, Mitchell, & Boateng, 2012).
The resulting lyophilised xerogels were stored over silica gel in
desiccators to maintain the desired low water content ideal for
maintaining protein stability, till ready for characterisation. Xero-
gels obtained directly from freeze-drying dialysed TG-chitosan gel
were evaluated against those formulated from lyophilised TG-
chitosan powder.

2.4. Analytical characterisation of chitosan and TG-chitosan
xerogels

ATR-FTIR spectra of chitosan and TG-chitosan were acquired
on an Excalibur series FTS 3500 ARX Fourier transform infrared
spectrophotometer (FTIR), equipped with Specac Golden gate (Var-
ian, Oxford, UK). The spectra were collected at a resolution of
1.5 cm−1 with 16 scans per spectrum using a wave number range
of 600–4000 cm−1.

The conformational structure of BSA was examined by far-
UV CD. Spectra of a 1 mg/ml  solution of native BSA in 0.1 M PBS
(pH 6.8) as the negative control or BSA released from the xero-
gels were recorded at 25 ◦C from wavelength range 240 ≥ � ≥ 190
with bandwidth 1 nm,  time-per-point 0.5 s, and cell path-length of
0.1 mm using CD spectroscopy (Chirascan, Applied Photophysics).
The mean residue ellipticity [�]mrw,k was  determined using Eq. (1)
below:

[�]mrw,k = MRW  × �k (1)

10 × d × c

where MRW  is the mean residue weight, �k is the observed ellip-
ticity (◦) at wavelength k, d is the pathlength (cm), and c is the
concentration (g/ml) (Kelly, Jess, & Price, 2005).
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Table 1
Lyophilisation cycle with an annealing step.

Step Thermal treatment (annealing) Primary drying process

Temperature (◦C) Time (min) Ramp/hold, R/H Temperature (◦C) Time (min) Vacuum (mTorr)

1 +5 30 H −25 420 50
2  −5 30 H −25 420 20
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3  −40 120 H 

4 −20  180 H
5 −40  180 H

A D8 Advantage X-ray diffractometer (Bruker AXS GmbH,
arlsure, Germany) was  employed to study the crystallinity (or
therwise) of the xerogels. The transmission diffractograms were
cquired with Diffrac plus XRD Commander over a start to end
iffraction 2� angle of 5–45◦, scan speed of 0.4 s and step size of
.02. The operating conditions were 40 kV and 40 mA  with Cu K�
adiation. Data was processed with EVA software for native BSA
owder, unmodified chitosan powder, drug loaded chitosan and
G-chitosan xerogels.

Morphology of xerogels was studied with a Cambridge Stere-
scan S-360 SEM (Class one equipment, London, UK) after sputter
oating for 120 s at 1 kV and 30 mA  with gold (Edwards Sputter
oater S150B). Images were acquired at an accelerating voltage of
0 kV, a working distance of 15 mm and processed with i-scan2000
oftware.

.5. Drug loading efficiency

The drug loading efficiency of the xerogels was estimated from
he ratio of actual and initial BSA loading. 35 mg  of drug loaded
erogel was dissolved in 25 ml  of 1% (v/v) acetic acid. The solu-
ion was magnetically stirred for 10 min  at room temperature at
0 rpm to avoid bubble formation. 50 �l of the solution was with-
rawn and treated with 1 ml  Bradford’s reagent and the absorbance
easured at 595 nm and 450 nm for linearization of absorbance

Ernst & Zor, 2010) using a Multiskan EX microplate photometer
quipped with Ascent software (Thermo Scientific, Hampshire, UK).
he amount of BSA was determined by interpolation from the lin-
arized calibration curve (r2 > 0.99). Each experiment was run in
riplicate.

.6. Swelling capacity

The swelling capacities of the lyophilised chitosan-BSA and TG-
hitosan-BSA xerogels were determined by incubating the samples
n 25 ml  of 0.1 M PBS solution (pH 6.8 ± 0.1) at 37 ± 0.1 ◦C with or

ithout reducing agent, 10 mM dithiotreitol (DTT). The xerogels
ere weighed initially and the swelling characteristics observed

ver predetermined time intervals. The samples were taken out,
lotted off carefully between tissue papers to remove the surface

iquid droplets and reweighed to a constant weight. The swelling
apacity was calculated as follows:

welling capacity (%) = 100 × Ss − S

S
(2)

here Ss is the weight of the hydrated xerogel, and S is the initial
eight of xerogel.

.7. Moisture content

The percentage residual moisture content of the lyophilised

erogels was estimated by thermogravimetric analysis using Ther-
al  Advantage TGA 2950 (TA Instruments, Crawley, UK). A constant

ate of heating at 15 ◦C/min from ambient temperature to a maxi-
um of 150 ◦C was applied with a constant stream of dry nitrogen
Secondary drying process
+20 360 10

to xerogels weighing between 3 and 6 mg in a previously tared
70 �l aluminium crucible. TA Universal Analysis 2000 programme
was used to determine the percentage weight loss from a second
derivative plot.

2.8. In vitro mucoadhesion

Mucoadhesive measurements were performed on the
lyophilised chitosan-BSA and TG-chitosan-BSA xerogels with
a TA.HD.Plus Texture Analyser (Stable Micro Systems, Surrey, UK)
fitted with a 5 kg load cell in tension mode. The samples (n = 4) were
attached to a 75 mm diameter probe with double sided adhesive
tape. A model buccal mucosal substrate made of 6.67% (w/v) gela-
tine solution allowed to set as solid gel in a petri-dish (diameter
88 mm)  and equilibrated with 2% mucin solution (adjusted to pH
of 6.8 ± 0.1) was  used for the in vitro measurement. The mucosal
substrate was placed on the instrument platform and the probe,
lined with xerogel, was  set to approach the model mucosal surface
with the following settings: pre-test speed 0.5 mm/s; test speed
0.5 mm/s; post-test speed 1.0 mm/s; applied force 1 N; contact
time 60.0 s; trigger type auto; trigger force 0.05 N and return
distance of 10.0 mm.  The peak adhesive force (PAF) required to
detach the xerogel from the mucosal substrate, the total work
of adhesion (TWA), represented by the area under the curve
(AUC) and the cohesiveness (distance of travel) of the samples
were determined by utilising Texture Exponent 32 software. The
influence of thiolation on adhesive strength was also investigated.

2.9. In vitro drug dissolution studies

The drug loaded xerogels were immersed in beakers contain-
ing 50 ml  of PBS (pH of 6.8 ± 0.1) solution as dissolution medium
at 37 ± 1 ◦C, covered and stirred at 150 rpm with a magnetic stir-
rer. 50 �l of the medium was  withdrawn at set time intervals and
replaced with the same amount of PBS to maintain a constant
volume. The sampled medium was treated with 1 ml Bradford’s
reagent and the absorbance measured as described previously in
Section 2.7.  The concentration of the BSA released from the xerogels
was estimated from the linearized calibration curve (r2 > 0.99).

2.10. Statistical data analysis

A two tailed Student’s t-test at 95% confidence interval (p-
value < 0.05) as the minimal level of significance was used to
evaluate the data statistically.

3. Results and discussion

3.1. TG-chitosan synthesis and characterisation

TGA was bound to chitosan via amidation between the car-

boxylic group of TGA and primary amino groups of the polymer
(Fig. 1). The reactivity of the primary amino group at the 2-
position of glucosamine subunit of chitosan was  exploited for
the immobilization of thiol groups. The process was performed
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t a pH ≤ 5 to prevent the formation of disulphide bonds by air
xidation as the reactive thiolate anion concentration for the
xidation of thiol groups is low at this pH. Nuclear magnetic res-
nance (NMR) was not suitable for evaluating the level of free
hiol groups and disulphide bonds since two equivalent carbons
nd two equivalent protons of thioglycolic acid appeared over-
apped with those of chitosan in a NMR  spectrum as reported by
Juntapram, Praphairaksit, Siraleartmukul, & Muangsin, 2012; Lee
t al., 2007). As in their study, spectrophotometric assay using Ell-
an’s reagent was employed in the determination of the amount

f reduced and oxidized thiol groups immobilized (Hornof, Kast, &
ernkop-Schnürch, 2003) without previous quantitative reduction
f disulfide bonds with borohydride. The TG-chitosan conjugate
ad 236 ± 26 �mol  thiol groups per gram of polymer. According to
reenivas and Pai (2009),  a degree of modification of 25–250 mmol
hiol groups per gram of chitosan results in the highest improve-

ent in the mucoadhesive and permeation enhancing properties of
hese TG-chitosans. GPC analysis for monitoring the polymer Mw
efore and after derivatization showed differences in the calculated
w.  The difference in the calculated Mw  of chitosan (196,744 Da)

nd TG-chitosan (200,708 Da) after the conjugation reaction could
e attributed to the addition of thioglycolic acid molecules unto the
hitosan chains. This suggests that polymeric chains may  not have
een degraded during the synthesis process.

.2. Gel formulation and freeze drying

Flexible, tough, non-brittle and porous lyophilised chitosan-
SA and TG-chitosan-BSA xerogels have been produced. The 10%
-mannitol as a cryoprotectant prevents crystallisation of BSA,
aintaining the protein as part of a high viscosity and slightly flex-

ble freeze-concentrated liquid phase. During the freezing stages,
ydrogen bonds form between the protein molecules and the cry-
protectant as water molecules are displaced. Therefore the protein
aintains its native physiological structure (and function), inde-

endent of an aqueous environment. The presence of glycerol
eads to enhanced flexibility as freeze induced stress generated
uring lyophilisation is lowered, allowing the xerogels to accom-
odate the stress. A combination of two different cryoprotectants

or plasticizers), each at reduced concentration, has a better out-
ome since undesirable effects such as brittleness (d-mannitol) or
tickiness (glycerol) produced by higher concentrations of a sin-
le agent is reduced (Ayensu et al., 2012). Faster water vapour
ransport, shorter primary drying time and elegant porous xero-
els were achieved by incorporating an annealing process during
he freezing stage. Annealing also promotes ice crystals growth and
omplete crystallisation of mannitol from the amorphous phase so
hat metastable mannitol does not crystallise on storage, which will
ffect product stability.

The dialysed gel produced elegant xerogels and prevented
ouble lyophilisation, saving time and cost. Since no significant dif-
erences were observed between the characteristics of the xerogels
rom the two processes, industrial applicability of direct formula-
ion would be of more benefit than manufacture via lyophilised
G-chitosan powder.

.3. Analytical characterisation of chitosan and TG-chitosan
erogels

The ATR-FTIR spectra (Fig. 2) show the respective absorption
eaks of chitosan and TG-chitosan at 1666.35 and 1618.27 cm−1

hich corresponds to the characteristic amide I band (Qin et al.,

006). The peaks at 1556.55 cm−1 and 1522.67 cm−1 were assigned
o amide II band (CN stretching and NH bend) present in both chi-
osan and TG-chitosan. The absorption bands at 3271.26 cm−1 and
255.48 cm−1 are for NH stretch and the weak peak at 2525.68 cm−1
Wave number  cm

Fig. 2. ATR-FTIR spectra of (a) chitosan and (b) TG-chitosan.

corresponds to SH (Saboktakin et al., 2011), confirming the conju-
gation between SH and primary amine of chitosan in TG-chitosan.
The absorption bands at 3342.63 cm−1 and 3332.98 cm−1 were
for chitosan-OH and TG-chitosan-OH respectively, the band at
997.19–1060.85 cm−1 was due to CO and the 2850–2900 cm−1 band
resulted from aliphatic CH stretch. CD was  employed to investi-
gate the conformational structure of native BSA and that present
in the xerogel. The CD profile of native BSA and BSA released from
the xerogels, both in PBS at pH 6.8 in far UV range are shown in
Fig. 3. The native BSA had two minima around 209 and 222 nm; the
first band was  assigned to the �-helical structure, while the second
band was assigned to the �-structure. These results are consistent
with the structure of BSA reported by Quiming, Vergel, Nicolas, and
Villanueva (2005).  The ratios between the mean residue ellipticity
at 209 and 222 nm ([�]209/[�]222) were 1.10, 1.10 and 1.10 for (i)
native BSA, BSA released from the annealed, (ii) chitosan-BSA and
(iii) TG-chitosan-BSA respectively. The similarity of the far-UV CD
spectra and the mean residue ellipticity obtained confirmed the
conformational stability of BSA in the lyophilised xerogels. Fig. 4
shows XRD transmission diffractograms of plain chitosan powder,
native BSA, chitosan-BSA and TG-chitosan-BSA xerogels. XRD anal-
ysis was used to study the physical form (crystalline or amorphous)
since these properties are reported to affect water uptake and
biodegradability characteristics of polymers (Prabaharan & Gong,
2008). Crystalline chitosan showed its characteristic intense peak
at 2� of 20◦ (Nagahama et al., 2009). The formulated xerogels how-
ever, had the intensity of this peak minimized, leaving the peak at
2� between 22◦ and 24◦ which was  a shoulder to the right of the
Wavelength (nm)

Chitosan-B SA TG-chitosan-B SA BSA

Fig. 3. CD spectra of native BSA, chitosan-BSA and TG-chitosan-BSA xerogels.
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ig. 4. XRD-transmission diffractogram of (a) plain chitosan powder, (b) TG-
hitosan-BSA xerogel, (c) chitosan-BSA xerogel and (d) native BSA powder.

nd other excipients, leading to the alteration of the original crys-
alline chitosan. They also show that the freeze-drying procedure
id not alter the amorphous structures formed during gel formu-

ation prior to the freezing step during which ice crystal formation
ccurs. The final amorphous xerogel could help in maintaining the
tability of the model protein drug which was originally added as
n amorphous powder and also enhance the mucoadhesive prop-
rties of the formulated polymer (Prabaharan & Gong, 2008) as a
esult of improved hydration and reduced rigidity (Kasper & Freiss,
011). Fig. 5 shows representative micrographs of the lyophilised
erogels. The micrographs from the SEM show the effect of anneal-
ng on the pore size. The sublimation of larger ice crystals formed
rom the merging of smaller ice crystals due to annealing, results
n xerogels with large pores. The chitosan-BSA xerogels formed a
brous, sponge-like, porous interconnecting polymer network with
ircular pores that were regularly distributed. The TG-chitosan-BSA
erogels also formed a fibrous, sponge-like, porous interconnecting
olymer network but with smaller pore sizes and a more irregular
ore distribution. The presence of low molecular weight com-
ounds such as glycerol, d-mannitol and thioglycolic acid with high
ffinity for water is likely to have an effect on ice crystal ripen-
ng during the slow freezing process, which affects ice crystal size
nd subsequently pore size, hence the difference observed in the
orphologies of the chitosan-BSA and TG-chitosan-BSA xerogels.
uch differences in morphology such as pore size can affect func-
ional properties such as rate of hydration, swelling, mucoadhesion
nd subsequent drug release rates. This arises primarily from the

Fig. 5. Representative SEM micrographs showing chitosan-BS
lymers 89 (2012) 935– 941 939

differences in rate of water ingress, swelling and subsequent diffu-
sion of drug from swollen matrix (Boateng et al., 2010).

3.4. Drug loading efficiency

Table 2 shows the drug loading efficiencies for the unmodi-
fied chitosan-BSA and TG-chitosan-BSA xerogels. Thiolation did not
have a significant effect on the drug loading efficiency as both xero-
gels had similar values. In addition, chitosan and TG-chitosan did
not interfere with the reagent used for the BSA quantification. The
difference in the drug loading efficiencies of the xerogels was not
statistically significant (p > 0.05). The fibrous and porous networks
of the lyophilised cakes allowed for the higher drug loading effi-
ciency compared with other mucosal formulations such as solvent
cast films (Boateng et al., 2010).

3.5. Swelling capacity

The difference in the swelling capacities of the chitosan-BSA
xerogel (1110 ± 23.3%) and TG-chitosan-BSA xerogel (480 ± 18.2%)
(Table 2) was  statistically significant (p < 0.0001) in the absence
of a disulphide reducing agent (DTT). The swelling capacity of the
chitosan-BSA xerogel reached the maximum value within 30 min
of incubation, which was due to the increased hydrophilicity of
chitosan in the presence of glycerol and mannitol. In addition, the
enhanced pore size allowed for a higher rate of water ingress with a
swelling capacity more than twofold that of the TG-chitosan. It was
observed that the rate of water ingress and swelling was slower for
the TG-chitosan-BSA xerogel which prevented the formation of an
excessively hydrated structure. This could be attributed to oxida-
tion of free thiol groups to inter- and intra-molecular disulphide
bonds in PBS at a higher pH of 6.8 which subsequently limited
the hydration process. However in the presence of a disulphide
reducing agent (DTT), a dramatic increase in swelling capacity was
observed for the TG-chitosan xerogel (Table 2) giving evidence
that the swelling characteristic is driven by the formation of inter-
nal disulphide linkages in the TG-chitosan xerogels. Mucoadhesive
xerogels are expected to be hydrated on the underlying mucosal
tissue by water absorption, swelling and capillary action resulting
in stronger adhesion.
The residual moisture content of the chitosan-BSA and TG-
chitosan-BSA xerogels are shown in Table 2. The weight loss

A and TG-chitosan-BSA xerogels (magnification: 200×).
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Table 2
Results of drug loading, swelling capacity, moisture content and texture analysis of xerogels containing BSA (n = 4, mean ± S.D.).

Samples Drug loading (%) Swelling capacity (%) Moisture content (%) Texture analysis (in vitro mucoadhesion)

Without DTT With DTT PAF (N) TWA  (mJ) Cohesiveness (mm)
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2010) present in PBS which supports the higher % release of BSA
observed in both xerogels.
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Chitosan-BSA 91.6 ± 4.0 1110 ± 23.3 1057 ± 20.2 

TG-chitosan-BSA 94 ± 1.6 480 ± 18.2 1087 ± 5.1 

etermined for the xerogels occurred during the constant rate of
eating between 60 ◦C and 120 ◦C due to loss of bound water.
ttaining adequate residual moisture content for the xerogels
as vital as lower water content reduces molecular mobility and

ncreases shelf life by avoiding premature hydration of the active
rotein drug.

.7. In vitro mucoadhesion

The in vitro mucoadhesive performance (Table 2) was mea-
ured by evaluating the PAF, the TWA  and the cohesiveness of
he xerogels. The chitosan-BSA xerogels had lower PAF compared
o the TG-chitosan-BSA xerogels with a difference that was  sta-
istically significant (p < 0.02). This difference was expected to be

uch higher, however, the combined effect of the absorbent prop-
rties of glycerol, d-mannitol and the enhanced intermolecular
ydrogen bonding with the gelatine substrate employed could have
ided in the strong initial attachment of both chitosan-BSA and
G-chitosan-BSA xerogels to the model mucoadhesive substrate.

The total work of adhesion (TWA) represented by the area
nder the curve also showed a statistically significant difference
p < 0.0001) between the v-BSA and TG-chitosan-BSA xerogels,
ith about threefold increase in mucoadhesive strength of the

atter. Furthermore, the cohesiveness of the xerogels displayed
 slight increase in the TG-chitosan based xerogels which was
ot significant. The major differences observed in the PAF, TWA
nd cohesiveness of the xerogels were attributed largely to the
ncreased mucoadhesive strength impacted by the thiolation pro-
ess via the formation of stronger ionic interactions between the
ysteine-rich mucin glycoproteins and the sulfhydryl ligands of TG-
hitosan. In addition, the formation of inter- and intra-molecular
isulfide linkages within the TG-chitosan xerogels and the stability
f the fibrous structure may  have augmented the mucoadhe-
ive strength. The relatively low mucoadhesive strength of the
nmodified chitosan xerogels may  have arisen from the exces-
ive hydration of the porous structure leading to the formation of

 slippery gel that lost its mucoadhesive strength. Mucoadhesive
trength is a key property for the determination of the functional
haracteristic of residence time of xerogels at the absorption site
o allow for sustained drug release and eventually bioavailability.
hough significant differences were observed in the mucoadhesive
erformance of the xerogels, the differences were lower than those
eported by Roldo, Hornof, Caliceti, and Bernkop-Schnürch (2004)
here different formulation systems and bioadhesion membranes
ere used. It must however be emphasised that the process of

hiolation greatly influenced the mucoadhesive performance.

.8. In vitro drug dissolution studies

The dissolution profile of BSA from chitosan-BSA and TG-
hitosan-BSA xerogels in 0.1 M PBS is shown in Fig. 6. The total
umulative percent BSA release from the chitosan-BSA and TG-
hitosan-BSA were 91.5 ± 3.7% and 94.4 ± 7.3% respectively. This
ifference was not statistically significant (p = 0.5) with both formu-
ations exhibiting classical sustained release profiles characteristic
f chitosan based formulations. Drug release is facilitated by the
orous network of lyophilised xerogels as a result of increased sur-
ace of dispersed drug within the porous cake which accelerates
1.8 ± 0.7 4.5 ± 0.7 6.5 ± 1.0 4.4 ± 0.6
1.8 ± 0.1 5.8 ± 0.2 19 ± 0.8 4.8 ± 1.0

dissolution (Bunte et al., 2010). The similar release profiles from
the xerogels exhibited a burst release of about 57% and 45% for
chitosan and TG-chitosan respectively in the first 1 h, and then a
constant controlled release. This could be attributed to two dif-
ferent release mechanisms; (a) diffusion of protein molecules and
(b) degradation of polymer matrix. The initial BSA burst release
was due to drug molecules adsorbed to the xerogel surface or
loosely associated with the surface which easily diffused out in
the initial incubation period of 1 h (Xu & Du, 2003). The move-
ment of water molecules containing dissolved hydrophilic proteins
is not restricted between the release medium and the polymer
matrix (Kang & Song, 2008). The high loading concentration of BSA
enhanced its release from the xerogels as the large concentration
gradient between the release medium and the polymer surface
resulted in a high diffusion rate. In addition, proteins dispersed
within the polymer matrix may  have escaped through cracks
(pores) formed during processing, therefore increasing the initial
release. A prolonged release period however, ensued after the initial
burst release due to BSA-chitosan complexation. At pH 6.8, BSA (iso-
electric point around 5) carries a net negative charge and complexes
with positively charged chitosan. A slow diffusion of entrapped pro-
tein therefore occurred from hydrated chitosan and TG-chitosan
xerogels (Wang, Shao, Meng, & Yang, 2010). Disulphide formation
in TG-chitosan could have limited TG-chitosan-BSA complexation
as less chitosan amino groups were available for interaction. Sub-
sequently the TG-chitosan xerogel released more BSA than the
chitosan xerogel though the difference was not statistically signif-
icant. The disulphide bond results in a stronger and stable swollen
gel (maintained physical integrity) that displays excellent cohesive
properties. The cohesion and stability of a drug delivery system
over the intended duration of drug release is often a requirement
for controlled release. The non-covalent complex however, grad-
ually dissolves in the presence of NaCl (Boeris, Farruggia, & Picó,
Time (hours)

Chitosan-BSA TG-chito san- BSA

Fig. 6. Cumulative percent BSA release from annealed chitosan-BSA and TG-
chitosan-BSA xerogels in 0.1 M PBS at 37 ± 0.1 ◦C (n = 4, mean ± S.D).
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The usefulness of TG-chitosan as carrier matrices for controlled
rug release has been demonstrated with model drugs such as
etronidazole and clotrimazole (Saboktakin et al., 2011; Kast,
alenta, Leopold, & Bernkop-Schnürch, 2002).

. Conclusions

Based on the structural integrity and characteristic perfor-
ance after lyophilisation, a stable TG-chitosan based system for

otential protein delivery via buccal mucosa has been developed.
he characteristics of the drug loaded xerogels containing 6.5 mg
ach of plasticizer and cryoprotectant were influenced by the
nnealing and thiolation processes, which did not affect protein
onformational stability. The various techniques used to charac-
erise the lyophilised xerogels have indicated that the moisture
ontent, swelling capacity, mucoadhesion properties and micro-
copic structure are influenced by the thiolation process. The
nnealing step in the lyophilisation cycle helped to obtain the
esired porous structure for the xerogels. This had the advantage of

ncreased ease of hydration, mucoadhesion and subsequently the
rug release characteristics of the xerogels. The final lyophilised
roduct was an elegant, mechanically strong cake and is expected
o exhibit long-term storage stability. The principal implica-
ion of these findings is the potential application of the novel
yophilised thiolated chitosan for the delivery of proteins via the
uccal mucosa and these will be investigated further in long-term
tability evaluation and in an ex vivo and in vivo mucosal environ-
ent.
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