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The use of chitosan as an excipient in oral formulations, as a drug delivery vehicle for ulcerogenic anti-
inflammatory drugs and as base in polyelectrolyte complex systems, to prepare solid release systems as
sponges was investigated. The preparation by double emulsification of chitosan hydrogels carrying dic-
lofenac, acetyl-salycilic acid and hydrocortisone acetate as anti-inflammatory drugs is reported. The con-
centration of anti-inflammatory drug in the chitosan hydrogel generating the sponges was 0.08 mmol.
Chitosan-drug loaded sponges with anti-inflammatory drugs were prepared by freeze-drying at

g{gg;i&. —60°C and 0.009 atm. Structural investigations of the solid formulations were done by Fourier-
Microspheres transformed infrared and ultraviolet-visible spectroscopy, spectrofluorimetry, differential scanning calo-

rimetry and X-ray diffractometry. The results indicated that the drug molecules are forming temporary
chelates in chitosan hydrogels and sponges. Electron paramagnetic resonance demonstrates the presence
of free radicals in a wide range and the antioxidant activity for chitosan-drug supramolecular cross-

Anti-inflammatory drugs
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linked assemblies.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

The concept of designing a specified delivery system has been
originated from the perception of Paul Ehrlich, who proposed drug
delivery to be as a ‘magic bullet’ [1], where a drug-carrier complex/
conjugate, delivers drug(s) exclusively to the preselected target
cells in a specific manner. The objective of drug targeting is to
achieve desired pharmacological response at a selected site with-
out undesirable interactions. It is well known that most of anti-
inflammatory drugs administered in therapeutic doses, increase
the sensitivity of the gastric mucosa against the aggressive factor,
and the acid can produce gastro-intestinal inflammations or ulcers
[2]. Between natural polymers generating novel biomaterials, chi-
tin and chitosan with their copolymers, are intensively studied
due to their many potential applications. Chitosan [poly(b-(10/
4)-2-amino-2-deoxy-Dglucose)] (CTS) is a natural cationic polysac-
charide derived from chitin, which is copolymer, a glucosamine
and an N-acetyl glucosamine units, combined together [3]. Chito-
san is being widely used as a pharmaceutical excipient, comprising
a series of polymers varying in their degree of deacylation, molec-
ular weight, viscosity, pKa, etc. The presence of a number of amino
groups permits CTS to chemically react with anionic systems,
thereby resulting in alteration of physicochemical characteristics
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of reactants and developing new properties of such combinations
[4]. Moreover, chitosan has antiacid and antiulcer characteristics,
which prevents or weakens drug irritation in the stomach [5].
Modern biocompatible systems target not only infectious diseases,
but also autoimmune disorders, allergies, chronic inflammatory
diseases and cancer [6]. Small molecular weight anti-inflammatory
drugs that contain chemical groups able to establish temporary
physical or chemical bonding with the amino group of the CTS link-
age are suitable for the targeted and controlled drug CTS-based
delivery systems. In support of this presumption the chemical for-
mulae of CTS, additives and anti-inflammatory drugs used in the
experiment are illustrated in Fig. 1. The present study was aimed
to develop and characterize a CTS novel solid complex with
Tween-80 and oleic acid as drug carrier for controlled drug deliv-
ery, with possible use in controlled (slow) drug delivery, avoiding
gastrointestinal painful injuries. The hydrogel poly-electrolyte
complexes of chitosan (PEC CTS) were prepared by double emulsi-
fication and coacervation method using the 0.02% Tween-80, 0.02%
oleic acid in 3% CTS acidic solution [7]. Diclofenac sodium (DCF-Na)
and acetyl-salycilic acid (ASA) are among the most useful non-
steroidal anti-inflammatory drugs (NSAIDs). Both, and the steroi-
dal anti-inflammatory drug hydrocortisone acetate (HcAc) too, dis-
solve in gastro-intestinal fluid [8,9] causing gastric mucosal
damage. The pH of the gastrointestinal tract (GIT) varies from pH
1 to 3 in the stomach and increases to approximately 7-8 in the co-
lon. Another factor influencing the activity of drugs are the struc-
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Fig. 1. Structural formula of: (a) chitosan, (b) oleic acid, (c) Tween 80, (d) acetyl-salycilic acid, (e) diclofenac sodium, (f) hydrocortison acetate.

tural changes they can have in digestive tract, for example diclofe-
nac is suffering an intramolecular cyclization under acidic condi-
tions, which causes the salt to become inactivated [10]. An
important advantage of anti-inflammatory microencapsulated sys-
tems in chitosan as active substance carrier include polymeric shell
protection against degradation factors like pH and light and the
reduction of tissue irritation due to the polymeric shell [11,12].
The structural formulae of chitosan and of the drugs used in this
study are represented in Fig. 1.

2. Materials and methods
2.1. Materials

Chitosan from crab shells with 85% deacetylation degree, oleic
acid and respectively Tween-80 were purchased from Sigma
Aldrich GmbH (Chitosan: product number 448877; Oleic acid:
product number 01008; Tween-80: product number P4780). Dic-
lofenac sodium (DCF-Na) was obtained from “Terapia Ranbaxy”
S.A. Cluj-Napoca (Romania), acetyl-salycilic acid (ASA) was ob-
tained from “Helcor” s.r.l. Baia Mare (Romania) and hydrocortisone
acetate (HcAc) was obtained from Bayer GmbH, all having purity of
pharmaceutical grade (>99.99%). All these chemicals were used
without further purification.

2.2. Preparation of CTS-base solution

CTS poly-electrolyte (PEC) hydrogel 0.25% was prepared in dou-
ble distilled water containing 1% (v/v) acetic acid with continuous

stirring at 30 °C, adding at final 0.02% v/v Tween-80 and 0.02% v/v
oleic acid. After 6 h the solution is pale-yellow, with a homogenous
consistence and aspect.

2.3. Preparation of CTS-based drug loaded nano/microparticles

To the CTS poly-electrolyte solution, split in 12 equal volumes,
10 ml each, solutions of anti-inflammatory drugs in ethylic alco-
hol: double distilled water 1:1 were added, to give final solutions
with 0.08 mmol active drug. Finally three solutions of each
CTS-drug system, and three blank solutions were obtained, all
experimental testing were performed in parallel for each drug.
The solutions were further stirred for 30 min and then ultrasoni-
cally treated in an Elmasonic E60H ultrasonic bath for 10 min,
resulting nanostructured (n-CTS) and microstructured chitosan
(u-CTS) in the PEC solution. In order to prepare the sponges the
hydrogels were freeze-dried in a CHRIST ALPHA 1-4 LD Plus Freeze
Dryer, at —60 °C and 0.09 atm.

2.4. Instrumentation

The morphologic analysis was performed by examining the PEC
hydrogel with the IR JASCO IRT-3000 microscope, an accessory of
the FTIR 6100 spectrometer.

UV-Vis spectroscopy was performed for liquid PEC hydrogels in
the range 200 nm-900 nm, using the spectrophotometer ABLE &
JASCO 550 V.

The fluorescence spectra due to the interactions between drugs
and chitosan were studied on solid samples using a ABLE & JASCO
FP 6500 recording spectrofluorometer, applying an excitation
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wavelength of 230 nm and monitoring the emission wavelength
over the 250-440 nm range. Both excitation and emission slit
openings were set at bandwidths of 3 pm.

FTIR spectra were obtained with a JASCO 6100 FTIR spectrome-
ter in the 4000-400 cm~! spectral domain with a resolution of
4 cm~! by using KBr pellet technique.

The DSC thermograms were obtained with a DSC-60 Shimadzu
differential scanning calorimeter. The samples’ heating was done
with a rate of 10 °C/min in the 20-500 °C interval by using sealed
Al cells, in nitrogen atmosphere. An empty cell was taken as
reference.

Electron spin resonance (ESR) measurements were carried out
in the X-band at room temperature using a Bruker E-500 ELEXSYS
spectrometer. The spectra processing was performed by Bruker
Xepr software.

X-ray diffractograms were obtained with a Bruker D8 Advance
diffractometer in the 26 = 2-50° angular domain using Cu Ko; radi-
ation. In order to increase the resolution a monochromator was
used to eliminate the Ko, radiation.

The molecular modeling calculations were performed using the
density functional-based tight binding method combined with the
self-consistent charge technique (SCC-DFTB), including the empir-
ically correction for dispersion and implemented in the DFTB pro-
gram code.

3. Results and discussion
3.1. Morphologic characterization of CTS-based drug loaded hydrogel

In order to evidence PEC nano- and micro-spheres obtained
after sonication, the FTIR microscopy images are presented in
Fig. 2. As one side of the image is 200 um, we can assume that
the microparticles have dimensions of tenths of micrometers.

3.2. UV-Vis spectroscopy

The analysis of UV-Vis spectra, see Fig. 3, revealed characteris-
tic absorption peaks, indicating the encapsulation of ASA, DCF-Na
and HcAc, respectively in CTS matrix. Data with the characteristic
absorption bands are presented in Table 1.

In the spectra of chitosan an intense maximum at 234 nm and a
small peak at 275 nm can be observed. Under the influence of
drugs a combined hyperchromic and batochromic effect of chito-
san maxima appears, suggesting that between CTS matrix and
anti-inflammatory drug physical-chemical stable bonds are estab-
lished [13]. A low hyperchromic effect is found for CTS/HcAc sys-
tem, suggesting that the hydrocortisone molecule is less
integrated in the chitosan PEC system, due to its larger dimensions
as compared with DCF or ASA.

3.3. Spectrofluorimetric analysis
The emission spectra for the specified drugs and their solid

samples with n-CTS and p-CTS obtained by freeze-drying are pre-
sented in Fig. 4.
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Fig. 3. UV-Vis spectra of ASA, DCF-Na and HcAc, respectively in CTS matrix.

Table 1
Absorption peaks of CTS, and anti-inflammatory drugs ASA, DCF-Na, HcAc, and of
their complex hydrogels.

Examined substance/assembly Wavelenght (nm)

CTS 234

ASA 202, 232.6

DCF-Na 202, 233

HcAc 202, 232.6, 260.7, 299
CTS/ASA 241, 277

CTS/DCF-Na 240, 279.5

CTS/HcAc 238, 275

The analysis of the spectra obtained from the fluorescence mea-
surements (Fig. 4) reveals the increase of fluorescence intensity in
CTS/ASA, and a decrease in intensity CTS/DCF-Na and CTS/HcAc
respectively, in report with pure drugs spectra. This effect can be
explained by the penetration of the drug molecule in chitosan net-
work, activating carboxylic and hydroxilic sites and establishing
physical-chemical interactions in the composite. It can be assumed
that the interactions in the composite cover the whole range from
electrostatic interactions to hydrogen bonds, and finally the estab-
lishment of peptide links between carboxylic groups of the drug
and unprotected amino-groups of chitosan [14]. Examining the
fluorescence spectra, it can be observed that the most intense fluo-
rescence band is for CTS/ASA and increased in comparison with the
fluorescence of pure ASA. The different behavior of fluorescence in
comparison with that corresponding to CTS/DCF-Na and CTS/HcAc,
can be attributed to the difference in molecular mass and between
the stereochemistry of the three drugs, in report with chitosan
network. In consequence aspirin molecule can penetrate chitosan
network, can establish peptide linkage, integrating in the network,
and exposing to fluoresce new active sites in the chain. Another
explanation is the conformational change of CTS chain and net-
work, as in drugs, which appears when drugs are included in chito-
san network and the exposition of active sites to excitation more

| "

-

Fig. 2. Optical microscopy images for chitosan hydrogel drug loaded vesicles (0.08 mmol active drug). The dimensions of the image are 200 x 200 pm.
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Fig. 4. The emission spectra for the solid samples with n-CTS and p-CTS obtained
by freeze-drying: (a) chitosan with acetyl-salycilic acid, (b) chitosan with diclofe-
nac sodium; (c) chitosan with hydrocortison acetate, (d) chitosan.

easily. In the same scenario DCF-Na or HcAc cannot integrate so
easily due to their bigger molecules and, in the same time, due
to their more pronounced amphiphilic character (see Table 2).

3.4. Fourier transform infrared (FTIR) spectral studies

The assignment of the most intense bands of CTS on going from
higher frequencies, see Table 1 of Ref. [15] 3450 cm ' (amine N—H
symmetric stretching); 2929 cm~! (aliphatic C—H stretching),
3440 cm™! (O—H stretching), 2919 cm™! and 2845cm™' (C—H
stretching), 1410 cm ™' and 1380 cm™! (CH3 asym and sym stretch-
ing, respectively), 1650 cm™! (amide 1), 1594 cm~! (amide II),
1379 cm™' (amide III), 1355cm™! (O—H bending), 1145 cm™!
(C—0—C stretching) 1100 and 1073 cm™! (C—O stretching), 1050
and 1020 cm~! (intramolecular C—O stretching) (see Figs. 5 and 6).

In the case of acetylsalicylic acid (aspirin) the most characteris-
tic vibrational modes of functional molecular groups were located
at: 1770-1800 cm™! (esters with phenyl group), 1680-1700 cm™!
(C=0 stretching in acyl acid) and 1230-1250 cm™! (acetates) [16].

In the case of ASA system the frequency massif of 3437 cm™! in
pure CTS is shifted to 3453 cm™! for the CTS/ASA system. The ester
stretching at 1753 cm™! in pure ASA is shifted to 1736 cm™! for
CTS/ASA system. Also, the carboxylic C—O ester located at
1189 cm™! in ASA spectrum is shifted at 1196 cm™! in the CTS/
ASA spectrum.

Based on vibrational analysis of diclofenac [17,18] the most
intense IR frequencies have been assigned as follows: v(NH) is
located at 3388 and 3260cm!, whereas the v,(COO) and
Vsym(COO) are found at 1572 and 1402 cm™', respectively. The
asymmetric v,5(COO) band is shifted to 1580 cm™' in the CTS/
DCF-Na spectrum. As concerned the Hydrocortisone acetate, its
infrared characteristic frequencies, see Table 5 of Ref. [19] are
located at: 1406 cm™! (C—H deformation of 2-CH, group, 1328,
1273, 1233, 1195, 1017, 950, 942 and 880 cm ™! (C—H out-of-plane
deformation, respectively. C=0 stretching vibration located at
1746 and 1721 cm™! in HcAc spectrum is shifted to 1744 cm™! in
CTS/HcAc spectrum. The C=C stretching at 1629 cm~' remains
practically constant in the CTS/HcAc spectrum.

3.5. Differential scanning calorimetry (DSC) studies

The DSC curves, presented in Fig. 7, show an endothermic signal
at 70 °C observed for commercial CTS, due to the non bonded water
loss and an exothermic peak at 322 °C corresponding to the
decomposition of amine groups bonded to glucopyranose units
[19,20]. The sample CTS-TW is consisting in micro- and nano-CTS
structures favored by the presence of 2% v/v Tween-80 and 0,2%
v/v oleic acid additives and presents a broad endothermic signal
at 55 °C due to the non bonded water loss from the sample.

The sample presents also a weak exothermic signal between
120-210 °C around flashpoint of tween (113 °C) and of oleic acid
(~189 °C). On going from 290 °C the decomposition process starts.

Table 2
The maxima in the emission spectra for pure and assembled drugs in solid samples.

Sample Emission bands (nm)
ASA 320.6

DCF-Na 276.9,410.2

HcAc 278, 409.2

CTS 277, 409;

CTS/ASAs 276.7,431.6
CTS/DCF-Nag 276.9, 410.2
CTS/HcAc; 276.6, 409.2
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Fig. 7. DSC thermograms of chitosan-anti-inflammatory drug formulations.

The pure drugs melting points by literature data: DCF-Na melt-
ing at 287 °C followed by decomposition [21], ASA melting with
decomposition between 133-135°C [22,23] and HcAc melting
with decomposition at 223 °C [24].

The sample with HcAc presents a broad endothermic signal at
200 °C. On going from 285 °C the decomposition process starts.
On the thermogram of CTS/DCF-Na system a weak broad endother-

mic signal with maximum at 60 °C is observed, due to the water
expulsion and from 230 °C the decomposition process starts. DCF
is melted at 284 °C with the decomposition. The CTS/ASA thermo-
gram presents a broad endothermic signal at 55 °C, followed by a
broad exothermic plateau centered at 148 °C (possible due to the
ASA decomposition); around 330 °C the decomposition process
starts. All four micro- and nanostructured CTS samples with and
without drug included decompose around 300 °C excepting CTS/
DCF-Na system for which the decomposition starts at a lower tem-
perature. All thermograms do not show the drug melting temper-
atures that demonstrates the inclusion of drug inside CTS
microspheres.

3.6. ESR studies

All investigated systems were analyzed by ESR spectroscopy in
order to determine the existence of free radicals present in the
materials. The same quantity of all spectra was analyzed and the
corresponding ESR spectra are presented in the Fig. 8. For all inves-
tigated samples an ESR signal (g =1.99) formed by a narrow line
with 16G line width typically for CTS is obtained.

A possible origin of this line could be attributed to an initial oxi-
dation stage. There are several ESR studies on CTS with different
deacylation degrees [25], where an increase of the signal intensity
at g~ 1.99 is due to the oxygen presence in the CTS extraction,
purifying and deacylation processes.

For each investigated samples we can observe also different g
values determined as follows:
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- CTS/ASA: g=2.25
- CTS/DCF-Na: g =2.88
- CTS/HcAc: g=2.35

Due to the fact that before validation of in vivo experiments the
biocompatible materials suffer formulation and conditioning pro-
cesses, it is important to determine structural changes that appear
after these procedures.

Consequently, these spongy materials were UV irradiated
(4=320nm) for 4 h; after that ESR experiments were repeated.
ESR spectra after irradiation are presented in Figs. 9-11, respec-
tively. As a function of radiation type and its duration, the samples
could offer chemical structural changes by chain breaking and the
opening of the glycosidic cycles. The drugs present a weak ESR sig-
nal at different g values as compared to the starting materials. CTS/
DCF-Na material presents a strong signal at g=2.14 that is ob-
served also in DCF-Na spectrum but with a reduced intensity.
The irradiation does not produce changes. All investigated materi-
als present the same absorption line at g ~ 1.99 but with a higher
intensity. This behavior is in good agreement with the literature
[20] and could be related to the increase of the free radical concen-
tration of CTS itself.

The analysis of ESR spectra of the active substances before and
after irradiation revealed that UV irradiation does not generate free
radicals or these radicals are of short life time, irrelevant for even-
tually structural changes.
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Fig. 9. ESR spectra for ASA and CTS/ASA samples before and after irradiation.

0.2 4 —— CTS/DSCF nonirradiated
—— CTS/DSCF irradiated
DSCF nonirradiated

—— DSCF irradiated

Intensity (a.u)

02 g T " T Y T T
1000 2000 3000 4000 5000
H(G)

Fig. 10. ESR spectra for DCF-Na and CTS/DCF-Na samples before and after
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Fig. 11. ESR spectra for HcAc and CTS/HcAc samples before and after irradiation.

The monomer radicals and of CTS polymeric chain are rapidly
annihilated due to the concurrent chemical reactions (esterifica-
tion or amidolyse) which are produced during the supramolecular
coupling between CTS (as polymeric chain) and DCF-Na, ASA, or
HcAc, respectively, that are more probably in the reaction medium
by applying coupling techniques.

3.7. X-ray diffraction

X-ray diffractograms (see Figs. 12-14) show that CTS presents
an amorphous structure and in the case of CTS/ASA and
CTS/DCF-Na systems the inclusion of the drug does not preserve
their crystalline structure (see Figs. 12 and 13). In the case of
CTS/HcAc system, due to the higher dimension of this molecule
as compared to ASA or DCF ones, the inclusion of HcAc in CTS does
not destroy its crystallinity (see Fig. 14).

3.8. Molecular modeling

In order to study the polymer (oligomer) properties of the CTS/
ASA and CTS/DCF structures, at least 3-4 CTS-drug units must be
included in our molecular geometry structure. These structures
usually contain a large number of atoms (over 180 atoms) which
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could not be properly studied with the conventional ab initio or
DFT methods, because of the requirement of the huge amount of
computer capacity. The density functional-based tight binding
method combined with the self-consistent charge technique
(SCC-DFTB) [26] can be considered as an adequate solution for
treating large biologically interested or nano-scaled molecular
materials with nearly good accuracy as it is obtained in case of high
level theoretical methods [27-29]. An empirical dispersion correc-
tion has also been developed and it was found crucial for predict-
ing reliable nucleic acid base stacking interactions [29], the relative
stability of o and 3¢ helices in proteins [30] and the stability of the
double-stranded DNA tetramer with a ligand in the intercalative
fashion [31].

By using the SCC-DFTB method [32,33] together with the empir-
ical dispersion correction one can obtain the equilibrium geometry
structure of the CTS/ASA and CTS/DCF supramolecular assemblies
of four-unit oligomer chain, see Figs. 15 and 16. In both cases
one can observe a CTS chain curvature and an orientation of the
bioactive molecules toward system inside; the orientation are
mainly stabilized by intramolecular hydrogen bonds formed
(C=0---H—N or C=0---H—0) between the CTS/ASA (or CTS/DCF)
molecular units as well as by the C—H---w bonds between the
CTS chain and ASA (or DCF) drug unit. In the case of CTS/DCF sys-
tem an extra 7 - -7 interaction between the second aromatic rings
of DCF could also be observed which stabilizes better the CTS/DCF
polymer chain than the CTS/ASA one. Both of C—H:--w and ©-- -
bond formations are as a consequence of the dispersion attractive
effects which were included in our model through the empirical
correction to the interaction [29].

4. Conclusions
Based on physical-chemical analyses it was demonstrated that:

- Nanostructured and microstructured hydrogels (n-CTS and
respectively 1-CTS) were prepared.

— CTS matrix can include anti-inflammatory drugs such as ASA,
DCF or HcAc.

- Based on spectrofluorimetry data, one can estimate that the
binding between CTS and ASA or DCF-Na are dominantly chem-
ical and physical for HcAc, respectively.

- All investigation methods suggest that different assembling
methods depend on the molecular dimension of the molecule
that is included in CTS matrix and on its structure.

- A typical CTS signal was observed in ESR measurement consist-
ing in a narrow line formed at g =1.99 A possible origin of this
line could be attributed to a initial oxidation stage.

- Analyzing the ESR spectra of the active substances before and
after irradiation one can observed that UV irradiation does not
generate free radicals or these radicals are of short life time,
irrelevant for eventually structural changes.

- Molecular modeling using the density functional-based tight
binding method combined with the self-consistent charge tech-
nique (SCC-DFTB) one can observe a CTS chain curvature and an
orientation of the bioactive molecules toward system inside;
the orientation are mainly stabilized by intramolecular hydro-
gen bonds formed (C=O0.--H—N or C=0.--H—0) between the
CTS/ASA (or CTS/DCF) molecular units as well as by the C—H- - -«
bonds between the CTS chain and ASA (or DCF) drug unit. In the
case of CTS/DCF system an extra 7- - -7 interaction between the
second aromatic rings of DCF could also be observed which sta-
bilizes better the CTS/DCF polymer chain than the CTS/ASA one.
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Fig. 15. Model of CTS/ASA assembly.

Fig. 16. Model of CTS/DCF-Na assembly.

- All analysis demonstrates that aspirin and sodium diclofenac
are better included in chitosan matrix than hydrocortisone ace-
tate, and all the analytical methods used suggested that the nat-
ure of the bonds between chitosan matrix and guest molecule
are depending on the molecular weight of guest molecule and
on the reciprocal stereochemistry of the partners in the system.
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