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ABSTRACT 
 

Aims: Carrier polymeric materials based on chitosan and chitosan / montmorillonite crosslinked 
with glutaraldehyde were prepared and studied for their biocompatibility, nontoxicity, and 
biodegradability aiming their application in drug delivery. 
Study Design: Polymeric materials based on chitosan and chitosan/ montmorillonite crosslinked 
with glutaraldehyde were prepared as new carriers for theophylline release. 
Methodology: The matrices of chitosan / glutaraldehyde and chitosan / montmorillonite / 
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glutaraldehyde were prepared, purified and lyophilized to obtain porous materials. The 
biocompatibility and toxicity of the samples were tested by means of specific tests determining the 
life rate of white Swiss mice after intraperitoneal injection of the polymeric matrices prepared as 
suspensions; hemocompatibility was evaluated by hemolysis test with human blood and cell 
viability tests were performed by chemiluminescence assay. The matrices loaded and unloaded 
with theophylline were characterized in terms of structural changes, thermal stability, chemical and 
enzymatic degradation, distribution of the active substance, etc. In order to demonstrate the drug 
carrier ability of these matrices, theophylline release studies were performed both by in vitro and in 
vivo tests. 
Results: The in vivo release profiles showed the sustained release of theophylline proved by the 
drug presence recorded up to 50 h from administration time. 
Conclusion: An improvement of the half-release time (t1/2) from 12 to 14 hours was obtained in 
vivo in the case of the matrix containing montmorillonite, indicating the possibility of reduced 
dosing frequency, but with a prolonged action time, which is beneficial to the patient. 
 

 
Keywords: Chitosan; montmorillonite; biocompatibility; biodegradability; theophylline; retarded drug 

release. 
 

1. INTRODUCTION  
 
A targeted drug delivery system is composed of 
three components: a therapeutic agent, a 
targeting moiety and a carrier system. The drug 
can be either incorporated by passive absorption 
or by chemical conjugation into the carrier 
system. The choice of the carrier molecule is of 
high importance because it significantly affects 
the pharmacokinetics and pharmacodynamics of 
the drugs. Since the advent of timed-release 
pharmaceuticals, scientists have faced with the 
problem of finding new ways to deliver drugs to a 
particular site in the body without being first 
degraded in the highly acidic environment of the 
stomach. 
 
In last years, much attention has been paid to the 
development of hydrogels from natural sources, 
natural polymeric materials being biodegradable, 
biocompatible and non-toxic for human body. 
Among the drug carriers, polysaccharides have 
received increasing attention because of their 
outstanding physical and biological properties. 
Within the past 20 years, a considerable amount 
of work has been published on chitosan, a linear 
polysaccharide comprising β-1,4 linked 
glucosamine and N-acetyl-D-glucosamine 
moieties, and its potential use in drug delivery 
systems was intensively reported [1-3]. Chitosan 
has a cationic character because of its primary 
amine groups and possesses great crosslinking 
ability. These primary amine groups are 
responsible for properties such as pH sensibility, 
controlled drug release, mucoadhesion, in situ 
gelation, transfection and permeation 
enhancement. The main drawback of chitosan is 
the low solubility in organic solvents and 

therefore the chemical modifications are needed 
for improvement of its properties, including 
solubility in various organic solvents.  
 
An alternative for developing higher performance 
materials regarding the drug release abilities is 
using montmorillonites to obtain hybrid materials. 
Clay minerals play a crucial role in modulating 
drug delivery due to their large specific surface 
area, good adsorption ability, cation exchange 
capacity, standout adhesive ability, and drug-
carrying capability. Therefore, hybrid materials 
based on nanocomposites of clay minerals and 
biopolymers for pharmaceutical applications can 
combine the properties of both components 
(inorganic and organic), such as swelling/water 
uptake mechanical characteristics, thermal 
behavior, rheology and bio-adhesion. Among 
them, montmorillonite / chitosan nanocomposites 
are receiving great attention, especially for 
biomedical (tissue engineering) [4-6] and 
pharmaceutical (retarded release) applications 
[7-9]. Chitosan chains have been described to 
intercalate with Na+MMT, because of their 
hydrophilic and cationic character, giving to the 
new hybrid nanocomposite material with 
interesting swelling properties, improved 
mechanical and thermal characteristics and bio-
adhesion [10]. Other reports confirm that the 
concentration of the inorganic silicate layers 
within the chitosan matrix is a critical parameter 
to achieve materials with enhanced properties 
(mechanical, thermal and/or electro-stimuli 
response) compared with the pure components 
[11-14]. 
 
With this respect, Liu et al. [15] showed that 
nanocomposite hydrogels containing 2 wt% 
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montmorillonite showed improved release 
behavior of vitamin B12, compared with the pure 
chitosan. Yuan et al. [16] reported that the ratio 
between montmorillonite and chitosan was a key 
factor also in the case of nanocomposites 
prepared to control the release of 
chemotherapeutic agent doxorubicin. pH-
dependent release profiles were found for these 
nanocomposites, which were described as 
promising supports for colonic prolonged drug 
delivery. The majority of the studies are devoted 
to the physical-chemical and pharmaceutical 
characterization of montmorillonite / chitosan 
nanocomposites. Also their biocompatibility for 
drug release has been evaluated [17-19] 
 

In our previous work, a nanocomposite based on 
chitosan and montmorillonite was prepared by 
simple solid–liquid interaction and the effective 
polymer/clay intercalation was confirmed by 
thermal analysis, mechanical properties, XRD 
patterns and microscopy [11]. It was reported 
that up to 5 wt% clay content the 
nanocomposites containing different clay types 
showed enhanced mechanical and thermal 
properties as well as improved swelling and drug 
delivery abilities [20]. It was also shown that the 
clay concentration plays a crucial role in drug 
release characteristics of the biomaterials [21]. 
 

The present study aims a detailed report on the 
biodegradability, biocompatibility and non-toxic 
character of the matrices based on chitosan (CS) 
/ sodium montmorillonite (Na+MMT) crosslinked 
with glutaraldehyde (GA) by means of different 
biocompatibility and toxicity assays and 
biodegradation studies. The active substance 
used was theophylline (1,3-dimethylxanthine) 
(THP) which is an alkaloid found in the leaves of 
Camellia sinensis and is used clinically as a 
bronchodilator in the management of chronic 
obstructive pulmonary diseases. THP has a short 
half-life (6 h), therefore, the conventional dosage 
forms must be administered 3-4 times a day in 
order to avoid large fluctuations in plasma 
concentration. The therapeutic effects of THP 
appear for plasma concentration between 5 and 
10 μg/mL and toxic effects occur frequently for 
concentrations above 20 μg/mL [22]. Due to its 
numerous side-effects, this drug is now rarely 
administered as it is. Sustained release dosage 
forms for THP provide desirable serum 
concentrations for prolonged periods without 
frequent dosing, thereby preventing the 
complications in the therapy of patients [23]. THP 
is soluble both in acidic and alkaline medium.  
 

The outcomes of our studies were the retarded in 
vitro and in vivo release of theophylline from 
CS/GA and CS/Na

+
MMT/GA hydrogels proving 

their efficiency as drug delivery vehicles in 
pharmaceutical formulations. 
 

2. MATERIALS AND METHODS 
  
2.1 Materials  
 
Chitosan used in the study was an Aldrich 
product, with an average molecular weight of 400 
kDa and a deacetylation degree of about 68% 
determined by Moore and Roberts’s method on 
the base of FT-IR spectrum. Glutaraldehyde 
used as crosslinking agent was purchased from 
Fluka as a 50 wt% solution. Sodium 
Montmorillonite (Na+MMT) is a natural 
unmodified montmorillonite from Southern Clay 
Product Inc - Rockwood Additives Ltd. 
Anhydrous theophylline (THP) was purchased 
from Sigma–Aldrich. All the other materials and 
reagents used in this study were of analytical 
grade. Two series of samples have been 
investigated namely: I. Chitosan crosslinked with 
glutaraldehyde abbreviated with CS/GA and, II. 
Chitosan / sodium montmorillonite crosslinked 
with GA (CS/Na

+
MMT/GA). 

 
2.1.1  Preparation of the chitosan-based 

hydrogel 
   
Chitosan (CS) solutions (1 g/dL) were prepared 
in 1 g/dL acetic acid solution by continuous 
stirring for about 4 hours until complete 
dissolution of chitosan. The sample of chitosan 
was cross-linked with glutaraldehyde (GA) with a 
molar ratio CS: GA of 1:0.33 obtaining a 
yellowish transparent gel. 
 
2.1.2  Preparation of the hybrid hydrogel 

nanocomposite 
 
The chitosan / montmorillonite nanocomposites 
were obtained via the solution mixing technique. 
Prior to mixing with the clay, the chitosan solution 
with a concentration of 1 g/dL was prepared in 1 
g/dL acetic acid solution. Separately the clay 
dispersion in a small amount of acetic acid 
solution (1 g/dL) was prepared, sonicated for 10 
minutes and then left overnight. The clay 
dispersion was added to the chitosan solution in 
small amounts under continuous stirring for 
about 4 hours. The amount of clay within the 
chitosan solution was 5 wt % (based on chitosan 
weight). Furthermore the newly prepared solution 
based on chitosan and nanoparticles was treated 
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with a diluted solution of glutaraldehyde using a 
molar ratio of 1: 0.33 for chitosan/Na+MMT: GA.  
 
The prepared chitosan cross-linked with GA and 
chitosan/ Na+MMT crosslinked with GA 
hydrogels were intensively purified by dialysis 
(molecular weight cut-off 14,000 Da) against 
twice distilled water for 7 days at room 
temperature, until the measured pH in the 
washing water was 7, before to be tested for their 
toxicity and biocompatibility. Afterwards the gel-
like samples were lyophilized using a freeze-
drying system (LABCONCO Free- Zone) before 
investigation. The samples look like yellowish 
sponges, resistant to mechanical deformations.  
 

2.2 Methods  
 
2.2.1 Characterization of polymer matrices 

based on chitosan 
 
The structure and relationship between the 
chemical structure and properties of the two 
polymer matrices based on chitosan were 
evidenced by using FT-IR spectroscopy, 
chemical and enzymatic degradation, swelling 
studies and biocompatibility and toxicity assays.  
The freeze-dried hydrogels based on chitosan 
with crosslinking agent with and without 
nanoparticles were spectroscopically analyzed, 
to evidence the structure differences between 
hydrogels of chitosan cross-linked with GA and 
the influence of clay on the matrix. The ATR-
FTIR spectra were recorded using a Vertex 70 
Bruker Spectrometer, through reflexion on a 
diamond crystal with an angle of 45 degrees. 
 
Swelling capacity of the two matrices was 
investigated by direct immersion in acidic 
solution of pH 2.2 at 37°C, which simulates the 
gastric fluid medium conditions as in vivo 
experiments were done by oral administration. 
The hydrogel samples were periodically removed 
from the solution, gently wiped with a soft tissue 
to remove surface solution, weighed and then 
carefully placed back into the vessel as quickly 
as possible. 
 
The swelling degree (S) was calculated 
according to the equation (1): 
 

100
)(

(%) 



d

dt

W

WW
S                      (1) 

Where: Wt is the weight of the swollen samples 
at time t and Wd is the weight of the dry sample. 
 

To determine the kinetics of solvent diffusion into 
the matrices (swelling) the following equation 
was used [24]: 
 

swn
sw

eq

t tk
W

W


                                     (2) 
 

Where: Wt and Weq represent the amount of 
solution absorbed by the matrices at time t and at 
equilibrium, respectively; ksw is the swelling rate 
constant or specific rate characteristic of the 
system and nsw is the power diffusion law 
exponent which takes into account the type of 
solvent transport. Eq. (2) applies to initial stages 
of swelling (swelling degree less than 60%) 
where linearity of ln Ft as a function of lnt is 
obtained. 
 
The thermal behavior of the chitosan matrices 
loaded with theophylline was evaluated using a 
Q 500 (TA Instruments) thermal analyzer. The 
thermogravimetry (TG) was performed on 
samples of ~ 5 mg weight, in air flow, from 15 to 
700ºC, at a heating rate of 20ºC min-1. 
 
The in vitro degradation was performed by 
treating the chitosan based materials, with and 
without nanoparticles, with buffered phosphate at 
a pH 5.5 with 10 mL chitosanase solution having 
the activity of 4.78 U/100 mL. The treated 
samples were kept further in oven under 
constant conditions at 37ºC. At different time 
intervals 1 mL from each type of sample was 
prelevated which content of N-acetyl D- 
glucosamine was analyzed by means of 
photocolorimetric method with potassium 
ferricianide. The degree of degradation and the 
concentration of N-acetyl D- glucosamine were 
determined. The degradation of chitosan based 
hydrogels in time was tested by immersing the 
samples in acidic medium with various pHs 
between 2.2 – 5.5. The samples were 
periodically removed from the solution, gently 
wiped with a soft tissue to remove surface 
solution and weighted.  
 
The chemiluminescence assay was used for 
testing the capacity of chitosan based materials 
(i.e. CS/GA and CS/Na+MMT/GA) of maintaining 
cells of Schizosaccharomyces pombe. The 
experimental assay was a similar one used by 
Yamashoji [25] and presented in detail in our 
previous study [26] as being highly sensitive and 
specific assay method for the detection of viable 
Schizosaccharomyces pombe wild type as an 
indicator organism in water, using Nucleic-Acid-
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Sequence-Based. As result of the test, the cell 
viability in the presence of CS/GA and 
CS/Na

+
MMT/GA was determined.  

 
The hemocompatibility abilities of the samples 
based on chitosan i.e. CS/GA and 
CS/Na+MMT/GA was done by means of 
hemolysis tests with human blood. The 
description of the method was previously 
explained [26]. The hemoglobin concentration 
from plasma was determined via the 
polychromatic method of Noe [27] the 
absorbance being measured at 380, 415 and 
470 nm. As a result of this test, hemolysis degree 
was calculated. 
 
Biocompatibility of the hydrogels of 
CS/Na

+
MMT/GA was tested by means of toxicity 

tests and specific biocompatibility tests 
determining the life rate of white Swiss mice after 
intraperitoneal injection of solution of polymeric 
matrices. The specific parameters like the 
hemogram, the phagocytic capacity of 
neutrophils (NBT test), the opsonic capacity of 
serum, the phagocytic and bactericidal capacities 
of peritoneal macrophages and the hepatotoxic 
effects (through the enzymatic levels of aspartate 
aminotransferase (AST), serum alanine 
aminotransferase (ALT) and lactate 
dehydrogenase (LD)) were determined. Details 
over the methodology and protocols used for 
performing these tests were reported in a 
previous study on other polymeric matrices 
tested as carriers for sustained theophylline 
release [28]. 
 
2.2.2 Characterization of drug loaded 

matrices 
 
The studied polymeric matrices namely CS/GA 
and CS/Na+MMT/GA hydrogels loaded with 
theophylline as active substance were 
characterized by methods which emphasize the 
drug loading ability (adsorption and 
spectroscopic methods) as well as the 
morphology of the loaded hydrogels which prove 
the interactions of the drug with the polymeric 
matrices. 
 
For in vitro release study CS/GA and 
CS/Na+MMT/GA hydrogel samples loaded with 
theophylline were obtained by mixing the drug 
with the dried matrices in powder form (5 wt % 
drug reported to dry hydrogel) followed by 
swelling at room temperature for 1 h in a certain 
quantity of solvent for each composition studied 

which corresponds to the maximum quantity of 
liquid uptake measured during swelling 
experiments—while the drug penetrates and/or 
attached into the matrices. The solvent used was 
acidic solution of pH 2.2, the same conditions 
applied for the release study, too. The prepared 
physically bonded conjugates of theophylline-
loaded samples were freeze-dried using a Lab 
Conco Free Zone device.  
 
Prior to the in vivo experiments, the drug loaded 
polymeric matrices were prepared by diffusion 
filling method. In this way it was allowed the 
equilibrium partitioning of drug into the hydrogel 
[29] from a solution of 4 wt % drug concentration 
in ethanol/water 1/1 mixture which swells the 
polymer network. The drug-loaded hydrogels 
were prepared as suspensions, by swelling of 0.1 
g of CS/GA and CS/Na+MMT/GA hydrogels in 
powder form in the 4 wt % theophylline solution 
(1:1, v/v %, ethyl alcohol/ water) under mild 
stirring for 24 h period corresponding to the time 
necessary to reach their equilibrium swelling 
degree, as determined from the swelling studies. 
The concentration of 4% is close of that used for 
in vitro experiments for good comparison and 
also it assures the required administration dose, 
for a convenient solvent volume, to be safely 
delivered to rat.  
 
The homogeneity of the theophylline distribution 
into polymeric matrices was evaluated by the 
near infrared chemical imaging (NIR-CI) 
technique. The nondestructive character and 
minimal sample preparation required, show the 
feasibility of this method technique which is used 
more to investigate samples with pharmaceutical 
application. NIR spectra were recorded on a 
SPECIM´S Ltd. SisuCHEMA NIR device 
controlled with Evince software package for 
processing the original image data. The system 
includes a Chemical Imaging Workstation for 
1000-2500 nm NIR domains. The original image 
for each sample was taken with a NIR model 
spectral camera, respectively an imaging 
spectrograph type ImSpector N17E with 320 and 
640 pixel spatial resolution at a rate of 60–350 
Hz.  
 
For the microscopic investigations the hydrogel 
samples loaded with theophylline were frozen by 
direct immersion in liquid nitrogen and fractured. 
After metallization with gold the sample 
examination was performed on a Quanta 3D 
Scanning Electron Microscope (USA). 
Magnification is given on the images. 
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2 2.3 In vitro and in vivo drug delivery 
 
The in vitro release studies for theophylline have 
been performed by a standard dissolution test 
[28-30] carried out in conditions which mimic the 
gastrointestinal environment, using acidic buffer 
solution of pH 2.2 as dissolution medium. During 
the experiment, the temperature was maintained 
at 37±0.5ºC. The concentration of the drug was 
calculated based on calibration curves 
determined for the drug at specific maximum 
absorption wavelength. The measured 
concentration of drug in solution was 18 mg/100 
mL. Aliquots of the medium of 1 mL were 
withdrawn at predetermined time intervals and 
analyzed at λmax value of 271 nm, the wavelength 
characteristic for theophylline, using a HP 8450A 
UV–visible spectrophotometer. In order to 
maintain constant the measured drug 
concentration, the sample was carefully 
reintroduced in the circuit after analysis.  
 
The drug release kinetics was evaluated with a 
semi-empirical equation (3) based on 
Korsmeyer-Peppas model, which is applied at 
the initial stages (approximately 60% fractional 
release). [31] 
 

rn
r

t tk
M

M


1                                     (3) 
 
where Mt/M1 represents the fraction of the drug 
released, Mt and M1 are the absolute cumulative 
amount of drug released at time t and at infinite 
time respectively (in this case the maximum 
amount released in the experimental conditions 
used, at the plateau of the release curves), kr is a 
constant incorporating the characteristics of the 
macromolecular drug loaded system and nr is the 
diffusional exponent characteristic for the release 
mechanism.  
 
In the equation above, a value of n ~ 0.5 
indicates a Fickian diffusion mechanism of the 
drug from the hydrogel network, while a value 0.5 
< n < 1 indicates an anomalous or non-Fickian 
behavior. When n = 1, a case II transport 
mechanism is involved with zero order kinetics, 
while n > 1 indicates a special case II transport 
mechanism [32]. 
 
The corresponding theophylline release profiles 
are represented through plots of the cumulative 
percentage of drug released versus time. 
 

The theophylline release pharmacokinetic 
evaluation studies from CS/GA and 
CS/Na+MMT/GA hydrogels were conducted on 
healthy male Wistar rats weighing between 330 
and 450 g, purchased from Cantacuzino Institute, 
Bucharest, Romania, using the retro-orbital sinus 
bleeding technique. 
  
For the pharmacokinetic and in vivo release 
studies, the oral delivery was chosen, which the 
usual way for drug administration is. The animals 
were maintained in identical laboratory conditions 
as before, with free access to food and water. 
The raw theophylline and theophylline-loaded 
hydrogels were delivered by gastro-gavage as 
suspensions, in a dose of 15 mg/kg body weight 
for each rat [33]. 
 
The in vivo release study’s protocol and 
methodology were detailed as well in our 
previous work [28,34]. The pharmacokinetic (PK) 
parameters such as maximum plasma 
concentration (Cmax), time of maximum 
concentration (tmax) and plasma elimination half-
life (t1/2) were obtained directly from the plasma 
concentration–time plots. The area under the 
plasma concentration–time curve up to 72 h 
(AUC0–72) was calculated using the linear 
trapezoidal rule. The relative bioavailability 
(test/reference ratios) of the chitosan based 
hydrogel formulations, compared to raw 
theophylline, was calculated as the ratio 
(AUCsample/ AUCtheophylline) x 100. Each experiment 
was repeated four times and the results were 
represented as mean standard deviation.  
 
3. RESULTS AND DISCUSSION 
 
3.1 Characterization of Polymer Matrices 

Based on Chitosan  
 
3.1.1 FT-IR-ATR spectroscopy  
 
The spectral characteristics of the two systems 
based on chitosan were presented in Fig. 1 and 
Table 1 included in Appendix with additional 
information) where the main functional groups 
are assigned. The FT-IR spectrum of 
CS/Na

+
MMT/GA looks very similar with that of 

pure chitosan except the additional bands 
appeared at 1708 and 1897 cm-1 which are 
characteristic to glutaraldehyde (GA) and also all 
the bands are wider proving that the crosslinking 
occurred.  
 
It can be also remarked the shifts of the bands at 
1027 (1065) cm

-1
, 1987 cm

-1
 and 3286 cm

-1
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assigned to carboxyl and ether groups, 
ammonium groups and intramolecular hydrogen-
bonded hydroxyl groups, respectively which 
should be due to the interaction of chitosan with 
nanoclay as it was previously demonstrated by 
XDR study. Because of the hydrophilic and 
cationic structure of chitosan in acidic medium, 
this biopolymer has a good miscibility with 
montmorillonite (especially with Na

+
MMT) and 

could easily intercalate into the interlayers by 
means of cationic exchange. After 
montmorillonite incorporation within CS, the 
basal plane of Na

+
MMT from 2θ = 7.2º 

disappeared being substituted by a new peak at 

around 2θ~ 4- 5º [11]. The shift of the basal 
reflection of Na+MMT to lower angle indicates the 
formation of an intercalated nanostructure, while 
the peak broadening and decreased intensity 
indicated the disordered intercalated or exfoliated 
structure. The enhanced thermal and mechanical 
properties [11] indicated also the formation of an 
intercalated structure between the chitosan and 
montmorillonite. 
 
3.1.2 Swelling behavior 
 
The swelling kinetic curves of the CS/GA and 
CS/Na+MMT, at pH 2.2, are presented in Fig. 2. 
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Fig. 1. FT-IR-ATR spectra of chitosan based hydrogels with  5 wt % Na
+
MMT with and without 

crosskinking agent (GA): (a) whole spectrum, and different spectral regions (b) 925 – 2000;  
(c) 2000 – 4000 cm-1 

 

 
 

Fig. 2. Swelling kinetic curves of CS/GA and CS/Na+MMT in acidic medium of pH 2.2 
 
Hydrogels based on chitosan crosslinked with 
glutaraldehyde in a molar ratio of CS: GA 1: 0.33 
showed a maximum swelling degree of about 
4500% in acidic medium. By comparison the 
matrix containing chitosan and sodium 
montmorillonite and then crosslinked with GA 
had a swelling degree of about 3000% in similar 
conditions. After 1.5 hours the equilibrium is 

reached in both cases – Fig. 2. Both types of 
hydrogels containing chitosan and 
montmorillonite have a great ability of water 
absorption due to the porous structure of the 
sample as result of the lyophilisation. The 
montmorillonite particles played a filler role within 
the matrix as the polymeric system based on 
montmorillonite had a more dense structure like 
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and thus smaller pore sizes which cause a lower 
ability of adsorbing water inside the polymeric 
network.   
 
The swelling kinetic parameters, ksw and nsw, 
have been determined by the graphic method 
applied to the swelling curves and the values are 
summarized in the Table 1, indicating an 
anomalous non-Fickian swelling mechanism. The 
value of the nsw close to null confirmed that the 
swelling of both matrices is a complex process. 
The swelling kinetic parameters nsw and ksw took 
higher values for CS without sodium 
montmorillonite (nsw=0.7; ksw=38.43 min−0.7)- 
values presented in Table 1- than those of 
CS/Na

+
MMT/GA, therefore it can be concluded 

that the addition of clay induced a more time-
controlled ability of retaining water within the 
polymer network. 
 

Table 1. Swelling kinetic parameters for 
CS/GA and CS/Na+MMT/GA 

 
Sample nsw ksw (min 

-n
) 

CS/GA 0.7 38.43 
CS/Na+MMT/GA  0.4 26.84 

 
It is well-known that the swelling kinetics of 
hydrogels can occurs either by a diffusion 
controlled (Fickian diffusion) phenomenon or 
relaxation controlled (non-Fickian process) [35]. 
The type of transport of the solvent into the 
hydrogel is indicated by nsw from power law 
equation (eq 1) When the diffusion into the 
hydrogel is much faster than the relaxation of the 
polymer chains, the swelling kinetics tends to be 
diffusion controlled type and nsw takes a limiting 
value of 0.5 (Fickian process). In the case of 
relaxation-controlled processes, nsw is close to 
unity. When nsw lies between 0.5 and 1, an 
anomalous transport is involved [36-38]. The 
non-Fickian kinetics is regarded as a coupled 
diffusion/polymer relaxation phenomena [39]. 
 
As nsw for the hydrogels with montmorillonite was 
close to 0.5 the swelling process was rather a 
diffusion controlled while the value between 0.5 
and 1 of the hydrogel CS/GA indicated an 
anomalous mechanism of swelling. 
 
3.1.3  Degradation behavior of chitosan based 

matrices 
 
Biodegradation can be regarded as a process in 
which the degradation products result from the 
action of microorganisms such as bacteria, fungi 
or algae. Biodegradation can be generally 

divided into two steps. The first step is 
depolymerization or random chain cleavage 
where the longer polymer chains undergo 
backbone scission into smaller oligomeric 
fragments under the action of enzymes secreted 
by microorganisms. The second step is 
mineralization, which occurs inside the cell in 
which small oligomeric fragments are converted 
to biomass, minerals and salts, water and 
gaseous substances such as carbon dioxide 
under aerobic environments and methane under 
anaerobic environments. Bio-based and 
biodegradable polymers (e.g. chitosan) and their 
composites may be broken down by the 
enzymes secreted by microorganisms. Once 
broken down to monomeric / oligomeric level, the 
polymer is used as the carbon source for the 
microorganism metabolism.  
 
Chitosan can be degraded by enzymes which 
hydrolyse glucosamine–glucosamine, 
glucosamine–N-acetyl-glucosamine and N-
acetyl-glucosamine–N-acetyl-glucosamine 
linkages [40]. Chemical degradation usually 
refers to acid catalyzed degradation i.e. in the 
stomach. The oxidation–reduction 
depolymerisation and free radical degradation 
[41] are unlikely to be a significant source or 
degradation in vivo. Therefore the enzymatic and 
chemical degradation of chitosan-based 
materials were investigated in the study. 
 
3.1.3.1 Enzymatic degradation 
 
The in vitro degradation was performed by 
treating the chitosan based materials, 
CS/Na+MMT/GA and CS/GA, with a solution of 
buffered phosphate at a pH 5.5 with 10 mL 
chitosanase solution having the activity of 4.78 
U/ 100 mL (purchased from SigmaAldrich). The 
treated samples were kept further in oven under 
constant conditions at 37ºC. At different time 
intervals 1 mL from each type of sample was 
prelevated which content of N-acetyl D- 
glucosamine was analyzed by means of 
photocolorimetric method with potassium 
ferricianide developed by Horn et al. [42].  
 
In Fig. 3 are represented the enzymatic 
degradation profiles of chitosan based materials, 
the concentration of N-acetyl D- glucosamine 
being calculated from the calibration curve. A low 
level of degradation under enzyme action could 
be observed in the case of chitosan 
montmorillonite sample without crosslinking 
agent of about 30-50% and the hydrogel without 
nanoclay suffered a rapid degradation of 80% in 
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the presence of chitosanase. The degradation 
mechanism is slow and depends on nanoclay 
presence which acts as a barrier for enzyme 
action and also probably due to the more 
pronounced interactions of it with chitosan. 
 
3.1.3.2 Chemical degradation 
 
The chemical degradation was followed in acidic 
solutions at pH 2.2 by exposing the two types of 
samples and monitoring the weight variation 
periodically during 72 hours. The degradation 
profiles were plotted in Fig. 4 as weight loss vs. 
time. 
 

The addition of clay into the polymer matrix is 
even more visible by analyzing the weight loss 
profile of the hybrid hydrogel under the action of 
acidic medium. The loaded montmorillonite 
chitosan hydrogels having a more compact 
structure is less susceptible to acidic erosion, 
being more chemically stable. By comparison the 
matrix without nanoclay has a porous like 
structure which is in acidic solution much freely 
entered inside the hydrogel network leading to 
faster degradation process or to the partially 
chitosan dissolution. 
 
 

 
 

Fig. 3. In vitro degradation profile of chitosan based materials at pH 5.5 under the  
action of chitosanase 

 

 
 

Fig. 4. Weight loss profile of chitosan based hydrogels at pH 2.2 
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The degradation products resulted from both 
enzymatic and acidic actions were evidenced 
also by means of ATR -FT-IR spectroscopy by 
comparison of the characteristic vibration bands 

of functional groups of the chitosan based 
materials which were degraded by both ways via 
enzyme and acidic medium – Figs. 5a and b. 

 

 
 

Fig. 5. ATR-FT-IR spectra of chitosan based samples degraded by chemically and 
enzymatically methods after 96 hours from the beginning of degradation (a) hydrogels of 

CS/GA (b) hydrogels of CS/Na
+
MMT/GA 
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The structural changes as result of degradation 
were observed by using FT-IR spectra. The 
degradation process was evidenced based on 
the intensity of the peaks, position of the 
characteristic bands of the functional groups 
susceptible to degradation.  
 
The main functional groups susceptible to 
degradation which were considered within the 
degradation analysis are listed below: 
 

- 3450 - OH group  
- 3360- NH group stretching vibration 
- 2920, 2880, 2430, and 1320- symmetric or 

asymmetric CH2 stretching vibration 
attributed to pyranose ring 

- 1730 - carbonyl group vibration 
- 1655 - C=O in amide group [I amide band] 
- 1560 - NH- bending vibration in amide 

group 
- 1590 – NH2 in amine group 
- 1380 - CH’s in amide group 
- 1150-1040- C-O-C- in glycosidic linkage 

 
As it can be observed in Fig. 6 the main 
functional groups susceptible to degradation are 
OH bands, evidenced at 2900-2880 cm-1 and 
NH2 bands from 1650 to 3400 cm

-1
.  

 
The decrease of the intensity of the characteristic 
bands for amide I and II indicates the decrease 
of the desacetylation degree (DD) both in 
enzymatic and chemical degradation Table 2. 
The values for desacetylation degrees, 
calculated according to the method developed 
initially by Roberts [43]. 
 

The characteristic bands of OH bonds and those 
ones characteristic to the chemical crosslinking 
with glutaraldehyde from 2900-2880 cm

-1
 and the 

bands from region 2300 -1700 cm
-1

 disappeared 
once the degradation is taking place. Also, the 
characteristic bands of polysaccharide structure 
from 900-1000 cm-1, are modified in the way of 
the decreased intensity and appearance of a new 
band at 932 and 944 cm

-1
 for CS/GA and 900 

cm-1 for CS/Na+MMT/GA degraded in the 
presence of chitosanase. This is indicating the 
formation of the chito-oligosacharide with lower 
molecular weight [44]. 
 

3.1.4 Cell viability, toxicity and biocompa-
tibility studies 

 

3.1.4.1 Cell viability assays 
 

The hydrogels based on chitosan crosslinked 
with glutaraldehyde with and without 
nanoparticles exhibit potential utility for many 
biomedical applications due to their gel state, 
antimicrobial activity, mucoadhesivity and 
biocompatibility of chitosan. Cells viability was 
calculated by comparison with control samples 
(S. pombe cultivated in absence of polymers), 
considered to be 100% viable cells. The effect of 
hydrogels on cell growth was evaluated by MTT 
test, a rapid and economical assay for 
measurement of cellular viability. In Fig. 6 is 
presented the cell viability as results of 
chemiluminescence assays to detect the viability 
of S. pombe after 4 h cultivation. The chitosan 
hydrogels exhibited cell viability comparable with 
the control sample which means a good 
biocompatibility and didn’t show inhibitory effect 
on the cell’s growth; moreover MMT seems to 
improve this characteristic slightly. 

 

 
 

Fig. 6. S. pombe viability detected by chemiluminescence assay after 4h cultivation 
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3.1.4.2 Hemocompatibility 
 
The method is based on measurement of the 
hemoglobin released by hemolysis. Hemolysis is 
regarded as a special significant screening test, 
once it provides quantification of small levels of 
plasma hemoglobin, which may not be 
measurable under in vivo conditions. Table 3 
summarizes the values of hemolysis obtained for 
the chitosan hydrogels. As reported in literature 
[45] it is not possible to define a universal level of 
acceptable or unacceptable amounts of 
hemolysis. Although by definition a blood 
compatible material should be non-hemolytic, in 
practice several medical devices cause 
hemolysis. This means that when such hemolytic 
effect takes place, it is important to make sure 
that clinical benefits overcome the risks and that 
the values of hemolysis are within acceptable 
limits. According to ASTM standard, [46] the 
materials can be classified in three different 
categories according to their hemolytic index 
(hemolysis %). Materials with percentages of 
hemolysis over 5% are considered hemolytic; 
while the ones with hemolytic index between 5% 
and 2% are classified as slightly hemolytic. 
Finally, when the material presents a hemolysis 
percentage below 2% it is considered as a non-
hemolytic material. The data of Table 3 indicated 
a hemolysis degree of both samples less than 
0.2% therefore they are not hemolytic. 
 
3.1.4.3 Toxicity tests of CS/Na

+
MMT/GA 

 
The first test consisted on intraperitoneal (i.p.) 
administration of a single dose of 2000 mg 
hydrogel suspension per kg [33] body at a 
mouse, of each composition. Because the mice 

survived up to 2 weeks after administration, four 
other mice were injected for each composition, 
and their survival was assessed. It was found 
that all mice survived 14 days after i.p. 
administration of hydrogel suspensions. No 
behavioral or physical changes such as 
abdominal swelling were observed in treated 
mice following injection or on subsequent days. 
Throughout the study period, animals showed no 
signs of peritonitis, lethargy, muscle loss, 
dehydration or anorexia, symptoms which are 
associated with animal toxicity [47].  
 
The acute toxicity of a 5000 mg/kg [33] body 
dose was tested according to OECD guidelines 
[48]. Due to technical problems occurred at 
administration of the solutions with such a high 
concentration, one single dose of 3200 mg kg 
body was tested. It was found that after a single 
dose of 3200 mg /kg body of hydrogel 
suspension intra-peritoneal administered to mice, 
for each composition, they survived 14 days after 
administration. It has been concluded that the 
LD50 for CS/Na+MMT/GA hydrogels, after i.p. 
administration as suspensions, is bigger than 
3200 mg kg body, showing their nontoxicity. 
 
3.1.4.4 Biocompatibility of CS/Na

+
MMT/GA 

hydrogels 
 
The in vivo biocompatibility of CS/Na+MMT/GA 
hydrogels was examined during 14 consecutive 
days after i.p. injection of gel suspensions at 
mice, following the effects on hematological and 
immune system parameters comparatively with a 
control group of mice, which received 
physiological serum (Table 4). 

 
Table 2. Desacetylation degree of the chitosan based matrices calculated from FT-IR spectra 

 
DD of 
CS/GA 
(%) 

DD of 
CS/Na

+
MMT/GA (%) 

Enzymatic degradation Chemical degradation 
DD of 
CS/GA 
(%) 

DD of CS/Na
+
MMT/GA 

(%) 
DD of 
CS/GA 
(%) 

DD of 
CS/Na

+
MMT/GA 

(%) 
65 65 44 45 38 58 

 
Table 3. Hemolysis results for the chitosan base hydrogels 

 
Sample A415 A380 A470 Biomaterial concentration Hemolysis degree (%) 
CS/GA 0.454 0.178 0.129 0.488 0.114 
R+ 0.828 0.217 0.059 1.122  
R

-
 0.371 0.175 0.120 0.362  

CS/Na
+
MMT/GA 1.064 0.355 0.155 0.598 0.178 

R+ 0.283 0.167 0.076 1.437  
R

-
 0.076 0.122 0.122 0.341  

R+, R-; positive and negative reference samples 
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Table 4. Hematological and immune systems parameters (mean standard deviation STD) at 
Mice i.p. Injected with CS/Na+MMT/GA suspensions 

 
Hematological parameter Control 

mice group 
Tested mice groups 
Mice group intraperitoneal 
injected with CS/Na

+
MMT/GA 

solution 
White blood cells (x 109/L) 5.64±0.13 5.6±0.11 
Polymorphonuclear cells (PMN) (x 10

9
/L) 1.51±0.06 1.44±0.09 

Lymphocytes (x 10
9
/L)) 3.68±0.11 3.7±0.1 

Monocytes (x 109/L) 0.35±0.05 0.35±0.05 
Eosinophils(x 10

9
/L) 0.04±0.02 0.05±0.01 

Basophils (x 109/L) 0.05±0.03 0.06±0.02 
Polymorphonuclear cells (PMN) (%)  26.8±0.97 25.7±1.49 
Lymphocyte (%) 65.3±1.05 66.08±1.44 
Monocytes (%) 6.23±0.71 6.27±0.74 
Eosinophils (%) 0.78±0.36 0.79±0.2 
Basophils (%) 0.93±0.47 1.11±0.3 
Red blood cells (x 10

9
/L) 9.39±0.06 9.4±0.06 

Hemoglobinlevel (g/dL) 11.5±0.05 11.48±0.19 
Hematocrit level (%) 41.0±0.04 41.27±0.41 
NBT test (%) 13.8±0.75 13.83±0.75 
Platelets (x 109/L) 253±38.8 252.99± 8.5 
Immune system parameter 
Serum opsonic capacity (S. aureus ×1000/mL) 771.7±58.4 768.33±54.92 
Phagocytic capacity of peritoneal macrophages 
(S. aureus ×1000/mL)  

716.7±51.6 715±52.44 

Bactericidal capacity of peritoneal macrophages 
(S. aureus ×1000/mL)  

696.7±8.2 696.67±5.16 

Splenic T lymphocytes (%) 12.5±0.55 12.67±0.52 
TGP (UI/I) 23.17±1.17 36±0.84 
TGO (UI/I) 73.33±1.75 84.83±1.7 
LDH (UI/I) 497.5±3.33 500.17±1.33 

 
Clinical chemistry and hematology data are of 
great importance to determine the effects 
induced on the body by the tested hydrogel 
matrices. 
 
The values of hematology parameters such as 
white blood cells (WBC), red blood cells (RBC), 
platelets (PLT), hemoglobin level (HGB) 
concentration, hematocrit level showed no 
significant variations between mice groups 
treated with CS/Na+MMT/GA hydrogels 
compared with control mice group, being in the 
range of normal limits reported for healthy mice 
[49]. Statistical analysis revealed no significant 
influence of the studied compounds on the 
neutrophils phagocytic capacity, on the 
phagocytosis activity of immune cells, serum 
opsonic capacity, phagocytosis and bactericidal 
capacities of peritoneal macrophages, splenic 
lymphocytes with rosetting capacity of tested 
mice compared to control group, after 14 days of 
testing. 
 

As it concerns the clinical biochemistry 
parameters, a statistically significant increase of 
ALT and AST values was observed in the 
experimental groups compared with the control 
mice group after 14 days of testing – Table 4, but 
the values are in the range of normal limits. 
There was no significant effect on LD levels in 
case of mice injected with CS/Na+MMT/GA 
hydrogel suspensions compared with that 
obtained for control mice group. Based on the 
toxicity and biocompatibility results it can be 
considered that the injected CS/Na+MMT/GA 
hydrogels are nontoxic and did not produce any 
significant changes in the hematology of tested 
rats and had no hepato-toxicity effect. All 
presented results indicate a good biocompatibility 
of CS/Na

+
MMT/GA hydrogels with living tissues, 

so they could be considered as potential carriers 
for controlled drug delivery and other biomedical 
applications (e.g. wound dressing tissue 
engineering, etc.). 
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3.2 Characterization of Drug Loaded 
Matrices 

 
3.2.1 Near infrared chemical imaging (NIR-CI)  
 
Theophylline distribution into CS/GA and 
CS/Na+MMT/GA hydrogels was evaluated by the 
near infrared chemical imaging (NIR-CI) 
technique. The prediction of drug loading degree 
was evaluated based the new near infrared 
chemical imaging maps. The chemical imaging 
provides a simple method for evaluating the 
spatial drug distribution.  
 
The non-destructive character and minimal 
sample preparation required, show the feasibility 
of this technique which is used more to 
investigate samples with pharmaceutical 
applications. Both PLS-DA (partial least squares-
discriminate analysis) and PCA (principal 
component analysis) models were used to 
determine the homogeneity and prediction of the 
two components, namely the drug and polymeric 
matrix. PLS-DA model based on multivariate 
inverse least squares discrimination method is 
used by Evince to classify the components. This 
could be achieved because of these two models 
based on mathematical processing.  
 
Assigning a color for each component, class of 
principal components, allows visual assessment 
of the degree of homogeneity of the components. 
As noted with a value between 0 and 1 of the 
same original component facilitated obtaining 
quantitative information. For the first component 
value 1 represents available percentage of 100% 
and the value tends to zero when there is an 
unknown structure. It is appreciated the correct 

information available upon the cube of 
information can be extracted. The final images 
have for every pixel a complete spectrum that 
includes contributions from all the chemical 
components present in system.  
 
The images of Fig. 7 correspond to the PLS-DA 
model for CS/GA and CS/Na

+
MMT/GA 

hydrogels. A visibly uniform distribution, 
corresponding to a high homogeneity degree of 
the drug in the CS-based hydrogel matrix was 
observed. Based on PLS-DA prediction, a drug 
loading up to 66% into the CS/Na

+
MMT/GA 

hydrogel and 78.6% into CS/GA hydrogel was 
found from theophylline loaded amount. In Fig. 8 
are shown the NIR spectra of theophylline, for 
the two systems in the full range of the near 
infrared region with an air background. The 
obviously overlap between the polymers and 
theophylline bands in near infrared region 
empower for the use a multivariate regression for 
the simultaneous determination of drug content 
in samples. 
 
New bands are present within the spectra of 
polymers containing theophylline, specifically at 
1438 and 1515- 1530 cm-1 which might be 
attributed to the new interactions between active 
substance and polymeric materials within N-H 
vibration domain. Also the bands vibrations 
corresponding to the C-N- C stretch overtone are 
present at 2475 cm-1 in the spectra of the 
polymer loaded with theophylline as well as the 
spectrum of theophylline confirming the presence 
of drug within the polymer network and 
confirming also FT-IR data. Additional 
information regarding the assignments of the 
peaks is included in Table 2 from Appendix. 

 

 
 

Fig. 7. PLS-DA model for (a) CS/GA (b) CS/Na+MMT/GA hydrogels 
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Fig. 8. Near-IR reflectance spectra of the unloaded and theophylline loaded (a) CS/GA  
(b) CS/Na

+
MMT/GA hydrogels 

 
3.2.2 Scanning electron microscopy 
 
The SEM images (Figs. 9a - f) confirmed that 
theophylline was dispersed within the polymeric 
matrices as stick-shaped microparticles, and 
relative uniform distribution being identified in 
accordance with NIR results. It can be noticed 
that the drug microparticles, with various 
dimensions in the range 8 to 46 m were better 

dispersed within the polymeric networks 
containing silicates layers of Na+MMT, the matrix 
being more dense and homogenous, while in the 
sample without clay nanoparticles, the 
theophylline seems to agglomerate in clusters 
and alternating with CS/GA hydrogel structures. 
The SEM images confirmed the NIR-CI results 
regarding the uniform distribution of theophylline 
within the polymer matrices. 
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Fig. 9. SEM micrographs of hydrogel samples of (a) CS/GA (b) CS/Na+MMT/GA; (c), (d) CS/GA/ 
Theophylline; (e), (f) CS/Na

+
MMT/GA / theophylline hydrogels. Magnification is given on 

pictures 
 

3.2.3 Thermal characterization 
  
Thermal stability and information related to the 
degradation steps of the both polymeric systems 
unloaded and loaded with theophylline were 
assessed by analyzing the weight loss from 20 to 
700ºC (TG curves) as well as the derivative DTG 
curves - Fig. 10. The information achieved 
regarding the thermal decomposition is important 
in terms of determination of the temperature 
range, in which the active substance is stable 
both in its structure and pharmaco-therapeutic 
action. 
 

All the samples recorded a thermal event at 45–
100ºC being attributed to the loss of hydration. 
Pure chitosan was stable until higher 
temperatures (over 150ºC), the obtained data 
being in accordance with those found by other 
authors [50-54] showing  a single degradation 
stage within a temperature range of 249–302–
476ºC, whereas the system based on CS cross-
linked with glutaraldehyde showed two 
degradation steps. Temperature ranges 
determined from TG and DTG curves are 
summarized in Table 3 and added as 
supplementary information in Appendix.  
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Fig. 10. The thermo-gravimetric (a) and DTG (b) curves of CS/ GA and CS/Na+MMT/GA loaded 
with theophylline (T) TG results 

 
As shown in the Fig. 10b, addition of theophylline 
within the polymeric matrix with and without clay 
influences significantly the thermal behavior of 
the systems. As described by Wesolowski et al. 
[55,56] theophylline suffers a two and three-
stage decomposition processes excepting the 
water removal. 
 
As the melting point of theophylline was reported 
as being around 270ºC [57], the peak recorded 
at around 273ºC for CS/GA/T and 266ºC for 
CS/Na+MMT/GA/T are assigned to the melting 
process of theophylline connected with a change 

of phase transformation or a polymorphic 
change. A second stage of decomposition 
attributed to the theophylline degradation was 
recorded about 429ºC, where a lower and wider 
endothermic peak in DTG curve is observed In 
the case of CS/GA/T is almost invisible. This 
stage can be connected with the vaporization of 
the liquid phase (melted drug) being related to a 
heat of evaporation. The process of evaporation 
occurs frequently with decomposition of the 
melted compound. In the third stage, over 500ºC, 
as a result of further increase of temperature, the 
products of decomposition are subject to final 
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destruction combined with complete deflagration 
of the carbonated rests. 
 
Regarding the polymeric matrices without 
theophylline, the effect of crosslinking is 
evidenced by the thermal event around 400ºC, 
the obtained results being correlated with the 
study performed by Poon et al. [58] as 
concerning thermal stability of chitosan 
crosslinked with glutaraldehyde. A synergetic 
effect of clay and active substance is observed in 
the case of mass loss as the temperature 
increase of the matrix CS/Na

+
MMT/GA/T 

conferring higher thermal stability as compared 
with the other matrices. 
 

3.3 Study of the in vitro Drug Delivery 
Kinetics of Theophylline 

 

As chitosan and chitosan based materials are 
rather soluble in acidic medium, the in vitro study 
of the drug delivery ability of the nanocomposites 
based on chitosan and clay was performed in 
acidic medium at pH 2.2 simulating the 
physiological medium from stomach and a 
temperature of 37ºC. Loading of the drug into the 
chitosan matrices were performed taking into 
account the maximum amount of liquid absorbed 
by the matrices at pH 2.2 and 37ºC, value 
obtained from swelling profile (Fig. 3). 

The release profiles of theophylline from 
CS/Na+MMT/GA hydrogel are shown in Fig. 11. It 
was studied the time-dependence of the percent 
theophylline released from the hydrogels based 
on chitosan of CS/GA and CS/Na+MMT/ GA; the 
hydrogels were loaded with active substance 
based on the adsorption and absorption ability of 
the chitosan matrices. The amount released in 
time was compared with the initial loaded amount 
of drug, the result being represented in released 
percentages. A lower amount of drug was 
released from CS / GA without any clay in the 
composition, more specifically; the maximum 
amount of theophylline released from CS/GA 
hydrogel was 86% in respect to the loaded 
amount of drug within the matrix. The prolonged 
release of theophylline from CS/Na+MMT/GA 
was observed, the time to reach the maximum 
amount released being reached after 7 hours 
from the beginning of dissolution test and the half 
release time value of 190 min. Analyzing the 
matrix without crosslinking agent (i.e. 
glutaraldehyde) and its abilities as drug vehicle 
[20,21] by comparison with the hydrogel 
containing sodium montmorillonite it can be 
remarked that the prolonged release profile of 
CS/Na+MMT/GA as well as the slower release 
rate in time can be due to the presence of 
sodium montmorillonite which retarded the rate 
of theophylline release. 

 

 
 

Fig. 11. Kinetic release profile theophylline from CS/GA and hybrid chitosan- montmorillonite 
hydrogels at pH 2.2 and 37ºC 
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As also shown in Fig. 11, the hybrid hydrogels of 
chitosan loaded with active substances (i.e. 
theophylline) had the ability of releasing under 
simulated physiological condition approximately 
98% from loaded theophylline in the case of 
polymeric matrices containing montmorillonite 
while the chitosan hydrogel cross-linked had the 
ability of releasing of 86% of theophylline from 
the total loaded amount.   
 
The kinetic analysis of the in vitro theophylline 
release mechanism was done by applying the 
general kinetic equation which allows the 
calculation of the parameter, nr, and to obtain 
information related with the release mechanism 
type – eq. 4. By logarithmic transformation of 
equation (4) and applying the model of 
monitoring the first 60% of the theophylline 
release process [59]. The exponent nr took 
values close to 1 for the release of the 
theophylline from CS/GA hydrogel [21] showing a 
non-Fickian release (anomalous transport) 
mechanism while for the theophylline release 
from CS/Na+MMT/GA, nr was higher than 1, 
corresponding to a relaxation-controlled delivery 
(zero order) type (Table 5), which is known as 
more favorable kinetics for drug delivery.  
 
The constant kr decreased with the addition of 
clay within the chitosan based matrix  from 60* 
10-3 min -1.07 to 0.4 * 10-3 min-1.6 (Table 5). This 
indicated that the release of theophylline from the 
CS/Na

+
MMT/GA was retarded. A sustained 

release particulate system based on ofloxacin 
(OFL)/montmorillonite (MMT)/chitosan (CTS) 
nanocomposite microspheres was obtained also 
by Hua et al. [60]. By incorporating MMT into the 
nanocomposite microspheres the burst release 
effect observed in the case of release of 
theophylline from CS/GA hydrogels was 
significantly reduced, both half release time and 
time to reach maximum amount released 
increasing significantly –see Fig. 11- insert. 
 

3.4 Study of the In vivo Drug Delivery 
Kinetics of Theophylline 

 
The in vivo release of raw theophylline and 
theophylline loaded within the two types of 
matrices based chitosan i.e. CS/GA and 
CS/Na+MMT/GA were studied. The mean plasma 
theophylline concentration versus time curves 
after a single oral dose are represented in Fig. 12 
and mean values of pharmacokinetic parameters 
(Cmax, t1/2, and AUC0–72) are summarized in  
Table 6. 
 
Pure theophylline was detected in plasma within 
the first hour after its administration in rats. The 
mean plasma level of raw theophylline was 
recorded at a Cmax value of 7.1 g/mL achieved 
at a tmax of 1.5 h and the elimination half-life (t1/2) 
of about 2.5 h, which indicated a fast absorption 
of pure theophylline, results data which are 
consistent with previous studies [28].  

 
Table 5. The kinetic parameters and release characteristics of theophylline from CS hydrogels 

evaluated according to Korsmeyer–Peppas equation 
 

Sample Half release 
time (min) 

Time to reach 
maximum 
amount 
released (min) 

Maximum 
released 
amount (%) 

Korsmeyer–Peppas 
equation 

nr kr * 
10

3
(min

−nr
) 

R 

CS/GA 17 250 86 1.07 60 0.97 
CS/Na+MMT/GA 120 370 93 1.6 0.4 0.97 

 
Table 6. Pharmacokinetic parameters obtained for raw theophylline and theophylline loaded 

CS/GA and CA/Na+MMT/GA hydrogels 
 
Pharmacokinetic parameter Theophylline (THP) CS/GA CS- Na

+
MMT /GA 

t max (h) 1.5 5 4 
t 1/2 2.5 12 14 
Cmax (g/mL) 7,1 6.7 5.87 

AUC0-72 (g h/mL) 41.52 134 127 
Relative bioavailability (%) - 322 306 
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Fig. 12. Plasma theophylline concentration versus time. Each point is 

presented as mean±SD, n=4. 
 
The in vivo release profiles showed the sustained 
release of theophylline loaded in CS/GA and 
CS/Na

+
MMT/GA formulations compared with raw 

theophylline which is removed from the body in 
the first 17 h from administration. The prolonged 
release behavior of theophylline loaded in CS/GA 
and CS/Na

+
MMT/GA formulations were proved 

by the presence of drug recorded up to 50 h from 
administration time. The evaluated 
pharmacokinetic parameters are given in              
Table 6. 
 
As listed in the Table 6, theophylline release 
profile showed higher values for the 
pharmacokinetic parameters. This is translated 
by a retarded release of the drug as the matrices 
were more complex and played their role in the 
drug protection against fast release. The in vivo 
profile of theophylline delivery was not 
consistently different by incorporating 
montmorilonite within the chitosan network. The 
major achievement was the improvement of the 
half-release time (t1/2) from from 12 to 14 hours 
indicating the possibility of reducing the 
administration frequency of the drug, with a 
prolonged action time, which is beneficial to the 
patient.  
 
The relative bioavailablility of the drug did not 
show significant relevance, theophylline having 

high bioavailability in both cases by using a 
simple croslinked matrix of chitosan and a more 
complex system like CS/Na

+
MMT/GA. 

 

4. CONCLUSION 
 
Matrices based on chitosan cross-linked with 
glutaraldehyde with and without montmorillonite 
nanoparticles were studied in terms of their 
application as drug delivery systems. Physical 
chemical characterizations were used to 
evidence the components and the distribution of 
the drug inside the matrices. The chitosan-based 
hydrogel systems showed a good 
biocompatibility with living tissues, so they can 
be considered as potential carriers for controlled 
drug delivery. Theophylline release profiles 
showed higher values for the pharmacokinetic 
parameters indicating a retarded release of the 
drug as the matrices were more complex and 
played their role in the drug protection against 
fast release. The in vivo profile of theophylline 
delivery was not consistently different by 
incorporating montmorillonite within the chitosan 
network. The major achievement was the 
improvement of the half-release time (t1/2) from 
from 12 to 14 hours, indicating the possibility of 
reducing the dosing frequency, but with 
prolonged action time, which is beneficial to the 
patient.  
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APPENDIX 
 
Supplementary information regarding details of the spectroscopic and thermal behavior results are 
added within this section. 
 

Table 1. The FT-IR bands assignment for the systems based chitosan 
 

Band (cm -1) Sample Assignment   
CS CS-Na+MMT 5% CS-NaMMT 

5% -GA 
650 652 653 622 Amide group 
900 897 - 861 ; 936 Carboxyl, Furan cycle 
1000 1027 

1065 
1024 1030 Carboxyl,  ether groups 

1100 1152 1152 - Aliphatic primary and secondary amine 
groups 

1200 1257 1256 1262 Amine and lactone groups 
1300 1380 - 1375 Carbonyl, tertiaryamine group 
1400 1408 1407 - Carboxyl, amine 
1500 1549 1545 1562 Amine groups 
1600 1635 1635 1651 Amine groups I 
1700 - - 1708 Carbonyl groups 
1800 - - 1897 Carbonyl, lactone  
1900 - 1987 1984 Ammonium groups 
2000 2052 2052 2050 Amine groups and ammonium salts 
2100 2168 2167 2144 

2167 
Amine groups and silicates 

2200 - - 2292 Amine groups and silicates 
2300 2322 2323 2322 Amine groups and salts 
2800 2882 2882 2870 Carboxyl, amine cetone groups 
2900 2924 2926 2937 Carboxyl and intramolecular hydrogen-

bonded hydroxyl groups  
3200 3286 3260 - Intramolecular OH groups 

intramolecular hydrogen-bonded 
hydroxyl groups 

3300 3348 3348 3357 Intramolecular hydrogen-bonded 
hydroxyl groups, carboxyl and amine II 
groups 
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Table 2. NIR bands assignment for the systems based chitosan 
 

Theophylline  CS/GA CS/Na+MMT/GA Assignment  
Without 
THP 

With 
THP 

Without 
THP 

With 
THP 

1170 1158 1166 1154 1158 C-H second overtone 
1367 1363 1371 1354 1363 1 st C-H overtone 

and combinations 
  1438*  1437* N-H stretch 1st overtone 
  1514*  1530* N-H stretch 1

st
 overtone 

1676 1630 
1670 

1630* 
1664 

1635* 
1672 

1670 C-H stretch 1st overtone 

1710 1710 1718 1731* 1718* C-H stretch 1
st 

overtone 
1819* 
1882 

1814* 
1863 

1831* 
1873 

1869 1824* 
1864 

C-O and O-H combinations 

 1999    O-H bend second overtone 
2004 2074 2003 

2095 
2015 2015 

2095* 
O-H and N-H combinations 

2137 2141 2141* 
2195* 

2145* 
2199* 

2137* 
2199* 

N-H combinations 

2254 2254 2258 
2291 

2245 2258 O-H and C-H combinations 

2321 
2379 

2324 
2375 

2325 
2375 

2321 
2379* 

2325 
2375* 

C- H stretch/CH2 deformation 

2429 
2475 

2429 
 

2434 
2475 

2429 
 

2425 
2475 

C- H and C-C combinations 
C-N- C stretch overtone 
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Table 3. Temperature ranges determined from TG and DTG curves 
 

Sample  Step II Step III Step IV ΔW (%) 
Ti Tm Tf Ti Tm Tf Ti Tm Tf I II III IV 

CS 153 276 436       13 56   
CS/GA 102 212; 

257 
337 355 440 557    4 48 28  

CS/GA/T 178 273 352 490 572 620    9 50 37  
CS/Na+MM
T/GA 

150 185sh; 
283 

390   505    0.5 31 65  

CS/Na+MM
T/GA/T 

162 247 ; 
271sh 

330 406 434 479 498 575 622 8 31 25 35 

Ti – onset temperature; Tm – peak temperature; Tf – end temperature 
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