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The aim of the current study was to evaluate the impact of chitosan derivatives, namely N-octyl-chitosan
and N-octyl-O-sulfate chitosan, incorporated in calcium phosphate implants to the release profiles of
model drugs. The rate and extent of calcein (on M.W. 650 Da) ED, and FITC-dextran (M.W. 40 kDa) on
in vitro release were monitored by fluorescence spectroscopy. Results show that calcein release is
affected by the type of chitosan derivative used. A higher percentage of model drug was released when
the hydrophilic polymer N-octyl-sulfated chitosan was present in the tablets compared with the tablets
containing the hydrophobic polymer N-octyl-chitosan. The release profiles of calcein or FD from tablets
containing N-octyl-O-sulfate revealed a complete release for FD after 120 h compared with calcein where
20% of the drug was released over the same time period. These results suggest that the difference in the
release profiles observed from the implants is dependent on the molecular weight of the model drugs.
These data indicate the potential of chitosan derivatives in controlling the release profile of active com-
pounds from calcium phosphate implants.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

In the last 30 years, calcium phosphate (CaP) ceramics have be-
come very popular implant materials for diverse clinical applica-
tions because of their similarities to human bones.1 Within the
family of CaP-ceramics the most popular contains hydroxyapatite
(HAP, Ca10(PO4)6(OH)2) which is an inorganic material and the
major constituent of natural bone. Due to its biocompatible and
osteoconductive nature, HAP has been widely used as a drug deliv-
ery system.2 Other components of CaP-ceramics are: b-tricalcium
phosphate (b-TCP), biphasic calcium phosphate (BCP) and amor-
phous calcium phosphate (ACP). CaP-ceramics can be used for the
delivery of a broad spectrum of compounds including anticancer
drugs,3,4 estrogens,5,6 antibiotics,7,8 insulin9 and macromolecules
such as bone morphogenic protein-2 (BMP-2),10 transforming
growth factor (TGF-b), basic fibroblast growth factor (b-FGF) and
vascular endothelial growth factor (VEGF).11,12

A common approach to alter the release profile of active com-
pounds from ceramics platforms is the addition of polymers such
as polylactic acid-based polymers13–16 and biopolymers such as
collagen17 and chitosan18 which are physically or chemically
mixed with a ceramic compound.
ll rights reserved.

x: +44 23 9284 3565.
Fatouros).
Chitosan is a natural polysaccharide derived by N-deacetylation
of chitin. It is considered as a biocompatible and biodegradable
polymer widely used in the food industry19 and as a novel drug
delivery platform for many routes of administration (e.g., nasal,
oral, ophthalmic, buccal and parenteral).20 However, chitosan has
got a major drawback: its solubility is poor above pH 6 therefore,
at physiological pH, chitosan will lose its capacity to enhance drug
permeability and absorption, which can only be achieved in its
protonated form. An approach to overcome this obstacle is to
chemically modify the structure of chitosan by introducing hydro-
philic groups or groups whose ionisation is pH independent.

In the present work, we have introduced the use of N-alkyl-O-
sulfated chitosan. Sulfated chitosan possesses a wide range of bio-
logical activities such as anticoagulant, antiviral and antisclerotic
activity, this is due to its structural similarity to the natural antico-
agulant heparin;21 the use of a sulfated derivative of chitosan could
therefore improve the biocompatibility of the implant. Further-
more, modifying the sulfated chitosan by adding long alkyl chains
to the amino group at C-2 induces the creation of an amphiphilic
molecule that forms micelles in water and therefore offers the po-
tential to increase the solubility of poorly soluble drugs. N-octyl-O-
sulfate can therefore be used as a potential drug carrier.22

The aim of this study was to investigate the impact of chitosan,
N-octyl-chitosan and N-octyl-O-sulfate chitosan on the release pro-
file of two model drugs from biodegradable implants, composed of
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tricalcium phosphate/hydroxyapatite blends. Calcein (M.W.
650 Da) was chosen as a model for low molecular drugs such as
antibiotics that are often co-administered with other drugs when
implants are put in place. FITC-dextran (M.W. 40 kDa) was chosen
as a model for high molecular weight drugs such as proteins and
peptides. In some cases, methylcellulose was also added to the
implants.
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Figure 1. Synthesis of N-octyl-O-sulfate chitosan.
2. Experimental

2.1. Materials

Low-viscous chitosan, cholsulfonic acid, sodium hydroxide
(NaOH) and tricalcium phosphate (b-Ca3(PO4)2) were purchased
from Fluka Biochemika UK. Methanol (MeOH), dimethylfomamide
(DMF), sodium chloride (NaCl) and sodium azide (NaN3) were pro-
vided by Fisher Scientific, UK. Octaldehyde was from Aldrich UK,
whilst sodium borohydrate (NaBH4) was purchased from Acros
Organics UK. Calcein, fluorescein isothiocyanate dextran (FITC dex-
tran M.W. 40 kDa, FD) and methylcellulose (MC) were obtained
from Sigma Aldrich. Potassium chloride (KCl), potassium di-hydro-
gen orthophosphate (KH2PO4), di-sodium hydrogen orthophos-
phate anhydrous (Na2HPO4) and calcium chloride (CaCl2) were all
purchased from BDH Chemicals Ltd, UK.

2.2. Preparation of hydroxyapatite

The hydroxyapatite (HAP) used in this study was prepared
using the process, based on the precipitation of HAP from precur-
sor compounds in aqueous solutions with slight modifications.23

Briefly, calcium chloride solution of 0.5 M was added slowly to a
250 mL of 0.3 M disodium hydrogen phosphate under magnetic
stirring at 80 �C. The pH of the solution was maintained between
9 and 10 by the addition of sodium hydroxide solution. The precip-
itate was washed with ultra pure water for several times and dried
at 200 �C, under vacuum.

2.3. Characterisation of hydroxyapatite phosphate with XRD
and FT-IR

Characterisation of the solid was made by FTIR spectroscopy
(Excalibur, Digilab) and X-ray powder diffraction (XRD Siemens/
Bruker D5000, Bruker GmbH, Germany, k = 1.54 Å).

2.4. Synthesis of chitosan derivatives

2.4.1. N-Octyl chitosan
N-Octyl-O-chitosan was synthesised as previously described22

with slight modification (Fig. 1). Briefly, chitosan (1.0 g) was sus-
pended in methanol (50 mL) and octaldehyde (1.02 g) was added
to the suspension while stirring; the suspension obtained was stir-
red at room temperature for 24 h. An aqueous solution of NaBH4

(0.5 g in 5 mL) was slowly added to the reaction mixture and the
resulting mixture was stirred at room temperature for further
24 h. The reaction was stopped by neutralisation with 2 M HCl.
The product was filtered and repeatedly washed with methanol
and water and finally dried under vacuum at 60 �C to constant
weight (1.32 ± 0.02 g, n = 4).

2.4.2. N-Octyl-O-sulfate chitosan
N-Octyl-chitosan (1.0 g) was suspended in DMF (40 mL). Chlo-

rosulfonic acid (20 mL) was added dropwise to 40 mL of DMF
and the mixture was stirred for 1h at 0 �C. Then the N-octyl-chito-
san suspension was added to the above solution. The mixture
was reacted at 40 �C for 24 h. The reaction was stopped by
neutralisation with 20%w/v NaOH, the obtained precipitate was
filtered off and the filtrate was dialysed against distilled water
for 3 days and then freeze dried (598.0 ± 16.1 mg, n = 3).

2.4.3. Characterisation of chitosan derivatives
Chitosan derivatives were characterised by the following meth-

ods. 1H NMR spectra were obtained on a JEOL 400 MHz spectrom-
eter operating at 400 MHz. The samples were dissolved in D2O and
TMS was used as a standard. ATR spectra were recorded on a Ten-
sor 27 FTIR spectrophotometer. X-ray diffraction studies were con-
ducted on a Philips X-ray diffractometer. Elemental analysis was
carried out with a Carlo-Erba CHNS Elemental Analyzer EA1108.

2.5. Preparation of tablets

The ceramics tablets were prepared by mixing in a glass dish
the appropriate amount of HAP and TCP keeping it constant in ratio
(HAP:TCP, 25:75 w/w) with either chitosan or chitosan derivatives
or methylcellulose where appropriate. In all cases the amount of
polymer added was 0.19 g and the active compound was 0.03 g
for calcein and 0.002 g for FITC-dextran 40 kDa. After the addition
of 0.77 mL of deionised water a slurry paste was prepared and
placed in the vacuum oven at 60 �C for 2 h and then left overnight
at 40 �C.

Tablets with a weight of 200 mg each were prepared by com-
pression, using a Specac hydraulic press by applying 3.5 tons for
5 min at room temperature.

2.6. Morphological observations of the implants

Scanning electron microscopy (JSM-6060LV, JEOL Ltd, Japan)
was used to create 3-dimensional images of tablets surfaces.

2.7. In vitro release studies

The in vitro release profiles of calcein and FITC-dextran were
obtained by using a dissolution apparatus with a method based
on the official BP method, with modifications.24 A dissolution
apparatus was set up with six vessels containing 500 mL of PBS,
pH 7.4 each; all vessels were covered with parafilm to avoid evap-
oration of the buffer. At scheduled time intervals, a 5 mL aliquot of



Table 1
Applied release models

Model Equation

Baker–Lonsdale 2
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2
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First order F ¼ 100ð1� e�k1 tÞ
Higuchi F ¼ kH

ffiffi
t
p

Hixson–Cromwell F ¼ 100½1� ð1� kHCtÞ3

Peppas F ¼ kptn

F, amount of drug released in time t, kLB, k1, kH, kHC, kP release rate constants, n
release exponent.

Table 2
Elemental analysis data and calculated degree of modification for chitosan and its
derivatives

Chitosan N-Octyl-
chitosan

N-Octyl-O-
sulfate chitosan

% Nitrogen 7.19 (8.47 by
NMR)a

5.06 4.12

% Carbon 40.30 (45.05
by NMR)a

54.13 35.41

% Hydrogen 6.45 (6.78 by
NMR)a

9.17 5.48

% Sulfur — — 8.40
% Acetyl monomer 19.86 19.86 19.86
% Deacetylated monomer 80.14 15.79 15.79
% N-Octyl monomer — 64.35 64.35
Average number of sulfate

groups per monomer
— — 0.78

a See Ref. 38.
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the aqueous solution was withdrawn and replaced immediately
with fresh buffer. Calcein and FITC dextran release was assayed
by fluorescence spectroscopy. The samples were excited at
495 nm and their emission was measured at 515 nm for calcein
and at 520 nm for FITC-dextran.

2.8. Kinetic studies and statistical analysis

Calcein and FITC-dextran release profiles were analysed by var-
ious mathematical models using SIGMAPLOT 10.0 software (Systat
Software Inc., Germany). All the models tested are depicted in
Table 1. Furthermore, the GRAPHPAD INSTAT

� (GraphPad Software
Inc., San Diego, US) was applied to assist the analysis of the
dissolution profiles. This was carried out applying Mann-Whitney,
non-parametric test and the two-tailed P value. Additionally, the
Friedman non-parametric test followed by the Dunn post hoc
Figure 2. (A) XRD patterns of synthetic apatite and JCPDS File No. 09-432 B. FTIR
spectrum of synthetic hydroxyapatite.

Figure 3. ATR spectra of (A) low viscous chitosan; (B) N-octyl chitosan; (C) N-octyl-
O-sulfate chitosan.
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Figure 4. XRD patterns of chitosan and its derivatives.
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multiple comparison test was also used to investigate any signifi-
cant differences between the formulations.

3. Results and discussion

3.1. Characterisation of the hydroxyapatite

The X-ray diffractogram and the FT-IR spectrum of synthetic
hydroxyapatite are depicted in Figure 2. The XRD did not show
the presence of the crystalline phases. The measured XRD pattern
for the synthesised HAP showed reflections which are in agree-
ment with those of the JCPDS File No. 09-432 (standard) (Fig. 2
A). The broadening of the peaks gave evidence that crystals have
nanometer dimensions.

The FT-IR spectrum showed characteristic vibration peaks
corresponding to PO4

3� (562, 604, 1030 cm�1) and OH� stretch-
ing mode at 3568 cm�1 (Fig. 2B). The broad peak at 3450 is as-
signed to OH� due to absorbed water. The presence of the peaks
at 1454 cm�1 and 872 cm�1 is attributed to CO3

2� groups. The
presence of traces of carbonate ions is due to contamination
Figure 5. SEM images of different implants; (A) TCP:HAP implant containing chitosan a
implant containing N-octyl-sulfate chitosan; (D) TCP:HAP implant containing N-octyl-su
represents 10 lm.
since the preparation process was carried out under ambient
atmosphere.

3.2. Characterisation of chitosan derivatives

N-Octyl-chitosan was successfully obtained in the form of a
white water-insoluble powder, the reaction yield was highly repro-
ducible (64.5 ± 0.9% w/w, n = 4). The attachment of the octyl chains
to the primary amino group of chitosan was confirmed by FTIR
analysis. The characteristic peak attributed to the bending vibra-
tion of –NH2 (1587 cm�1) disappeared from the FTIR spectra of
the acylated derivative, whilst new peaks attributed to the octyl
chain were evident (1649, 1537, 1465 and 1373 cm�1). The degree
of modification of the free amino groups was calculated from the
elemental analysis data (Table 2) that confirmed successful acyla-
tion of 80.3% of the free amino groups. Furthermore, modification
is also visible on the 1H NMR spectrum (not shown) that shows
acylation with appearance of new peaks at 0.8–1.0 ppm (–NH–
CH2–(CH2)6–CH3), 1.2–2.0 ppm (–NH–CH2–(CH2)6–CH3) and 3.4–
3.5 ppm (–NH–CH2–(CH2)6–CH3).
nd methylcellulose; (B) TCP:HAP implant containing N-octyl-chitosan; (C) TCP:HAP
lfate chitosan and methylcellulose implant; (E) TCP:HAP and chitosan implant, bar
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Figure 6. (A) Release profiles of calcein into PBS pH 7.4 from tablets TCP:HAP
(75:25 w/w) containing (i) chitosan with MC (j), (ii) N-octyl-chitosan (d) and (iii)
N-octyl-chitosan with methylcellulose (N); (B) Release profiles of calcein into PBS
pH 7.4 from tablets HAP:TCP (75:25 w/w) containing (i) N-octyl-sulfate chitosan
(j) and (ii) N-octyl-chitosan with methylcellulose (d), each experiment was
performed in triplicate and results are reported as mean ± standard deviation.
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Sulfation of N-octyl-chitosan afforded a water soluble, off-white
material. FTIR analysis revealed that O-sulfation occurred mainly at
the hydroxylic group in position C6 as the peak attributed to the
combination of O–H bending and C–O stretching of the primary
alcohol (1166 cm�1) disappeared and new peaks assigned to
O@S@O appeared at 1268, 1200, 1095, 779 cm�1 (Fig. 3). Sulfation
afforded an average of 0.78 sulfate groups per monomer (Table 2),
this has been calculated assuming that the sulfation reaction does
not affect the number of octyl- or acetyl-groups present on the
polymer.

XRD spectra of chitosan and its derivatives are depicted in Fig-
ure 4. Pure chitosan exhibits a sharp peak at 2h = 20� and a weak
peak at 2h = 11� which correspond to type II and type I crystal
structure, respectively.25 In the pattern of N-octyl chitosan a new
sharp peak was observed at 4.4� while the peak at 11� disappeared.
The result is in a good agreement with previous study which shows
shifting of diffraction peak at 11� towards lower angles in the case
of N-octyl chitosan.26 Another systematic study of Muzzarelli et al.
for N-alkyl-chitosan derivatives also showed that shifting of the
first peak was analogous to the length of the alkyl group.27 Finally,
in the case of N-octyl-O-sulfate chitosan the diffraction peaks are
weak indicating that crystallinity is almost lost. This suggest that
introduction of sulfate groups in the alkyl chain lowers the ability
to form intermolecular hydrogen bonds causing the polymer to be-
come amorphous.

3.3. Morphological characterisation of the implants

Scanning electron images of different tablets were obtained
after their manufacturing. Figure 5 illustrates the different compo-
sitions. Calcium phosphate tablets containing chitosan and MC are
depicted in Figure 5A. Both rough, indicative of a semi-crystalline
poorly water soluble molecule like chitosan, and smooth areas
could be visualised. Large crystals characteristic of tricalcium phos-
phate were also frequently present. When N-octyl-chitosan was
incorporated into the tablets, rough surfaces and crystalline struc-
tures were the dominant features (Fig. 5B). This is in accordance
with the enhanced crystal organisation observed by XRD for this
polymer compared to chitosan (Fig. 4). Smooth and rough areas
could be visualised when N-octyl-O-sulfate chitosan with or with-
out MC were present in the implants (Fig. 5C and D, respectively).
Finally, implants containing only chitosan exhibit rough surfaces
with crystalline structures (Fig. 5E).

3.4. Drug release studies

The release profiles of calcein from tablets containing chitosan
with MC, N-octyl-chitosan and N-octyl-chitosan with MC are illus-
trated in Figure 6A. The presence of chitosan and MC significantly
limited the diffusion of calcein from the tablets resulting in a re-
lease of only 9.73 ± 1.27% of the loaded drug, even after 120 h. This
could be due to the ionic interaction between the negatively
charged calcein molecule and the partially positive charged amino
group of chitosan; furthermore, the presence of MC acts as a
diffusion barrier slowing down the diffusion of the water inside
the implant and delaying the release of the drug. On the other
hand, the presence of the N-octyl-chitosan with and without MC
in the tablets resulted in a significantly higher amount of calcein
released compared with the formulation containing only chitosan
(p = 0.025). More specifically, when N-octyl-chitosan was present
in the tablet a fast release of calcein was observed during the first
2 h, followed by a decrease in the release rate that was then main-
tained constant up to 200 h, reaching a final value of 46.65 ± 9.39%.
In the presence of MC no release occurred during the first 2 h, con-
firming the role of MC as a diffusion barrier. However, after 120 h
the total amount of drug released reached 42.8 ± 4.88%. The
substitution of the hydrophilic polymer chitosan with its more
hydrophobic derivative N-octyl-chitosan induced a decrease in
the affinity of the drug for the implant that can be seen as the reason
for the higher release observed. Furthermore, the semicrystalline
nature of the polymer is likely to induce formation of hydrophilic
and hydrophobic areas within the tablet; the hydrophobic areas
are probably responsible for the quick release observed during
the first hours, whilst the following constant rate is due to the con-
trolled hydration of the hydrophilic areas. The addition of MC did
not affect the total amount of drug released during the observed
time (p = 0.5068); however, MC seemed to provide a more con-
trolled drug release profile with an initial lag time of around 2 h.
These results suggest that MC is a good excipient to add to the for-
mulation in order to obtain a good control of release rate in a pro-
longed release system.

The effect of the N-octyl-O-sulfate chitosan and MC to the re-
lease of calcein is depicted in Figure 6B. The graph shows a quick
release of calcein from both formulations during the first 2 h that
could be due to the repulsion between the two negatively charged
molecules; this was followed by a decreased release rate up to
200 h. Overall, the amount of drug released, when N-octyl-O-sul-
fate chitosan was added, achieved 31.69 ± 1.33% which is signifi-
cantly higher (p = 0.0087) compared with the amount of drug
released when MC was also present in the tablet (23.56 ± 2.62%);
also in this case MC showed to have a role in controlling and slow-
ing the drug release rate.

The lower percentage of drug released when the N-octyl-O-sul-
fate chitosan was present in the tablets compared with the tablets
containing the N-octyl-chitosan could be attributed to the fact that
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the sulfated derivative is more hydrophilic and presents a higher
affinity for the model drug; furthermore, the amorphous structure
of this polymer will form smaller pores within the implants com-
pared to the two semicrystalline polymers making diffusion of cal-
cein through the matrix slower. In general, it was observed that
increasing the hydrophilicity of the polymers in the formulations,
for example, addition of MC or use of the sulfated derivative in-
stead of the alkylated one, resulted in a slower release rate of cal-
cein affording implants with great potential in applications that
require constant drug delivery over a prolonged period of time.

In order to study the effect of the implant formulation on the
delivery of large molecules, the release profile of FD from calcium
phosphate implants containing chitosan and N-octyl-O-sulfate
chitosan was investigated. The release rate of this large molecule
was expected to be slower and to reach lower levels compared to
calcein. However, implants containing chitosan showed a fast dif-
fusion of the drug with 100% release obtained after 2 h (data not
shown).

This could be explained by the fact that during preparation of
the implants all components are mixed with water to form a paste
from which the water is successively evaporated. FD, being a
hydrophilic polymer, would coordinate several molecules of water
around its backbone which upon drying leave big pores that might
favour the release of the model drug. When the hydrophilicity of
the system was increased by the use of N-octyl-O-sulfated chitosan
a more controlled release was obtained; no release occurred during
Table 3
Release rate constants and determination coefficients of the produced formulation

Dissolution models Cal/C Cal/NCO Cal/NCO/M

Baker–Lonsdale KBL (min�1) 0.0009 ± 0.0002 0.0005 ± 0.0001 0.0003 ± 0.0
R2 0.9638 0.8591 0.9769

First order k1 (h�1) 0.0008 ± 0.0001 0.0062 ± 0.0016 0.0048 ± 0.0
R2 0.8824 0.6577 0.9987

Higuchi kH (% min�1) 0.5649 ± 0.3678 4.6085 ± 0.5951 3.6668 ± 0.2
R2 0.9448 0.8349 0.9813

Hixson–Cromwell kHC (min�1/3) 0.0003 ± 0.0001 0.0018 ± 0.0004 0.0015 ± 0.0
R2 0.8822 0.6360 0.9979

Peppas kP (min�n) 0.680 ± 0.1567 14.775 ± 3.1316 0.8934 ± 0.3
n 0.449 ± 0.0756 0.238 ± 0.0496 0.812 ± 0.07
R2 0.947 0.964 0.9978

Cal: Calcein.
C: Chitosan.
NCO: N-octyl-chitosan.
MC: Methylcellulose.
NCSO: N-octyl-sulfate chitosan.
FD: FITC-dextran (4 kDa).
the first 2 h and complete release of FD required 120 h. The slower
release of FD when the sulfated chitosan derivative is present in
the implant compared with the one containing chitosan could be
due to the difference in crystallinity of the two compounds. The
amorphous structure of N-octyl-O-sulfate chitosan could lead to
better compaction of the tablet and slower release of the active
compound. This is in line with the electron microscopy images ob-
tained previously where both smooth and rough areas could be vis-
ualised when N-octyl-O-sulfate chitosan (Fig. 5C) was present in
the implant compared with the extended rough surface of the im-
plant containing only chitosan.

The release pattern of calcein or FD from tablets containing N-
octyl-O-sulfate is depicted in Figure 7. Complete release was
achieved for FD after 120 h compared with the calcein where only
20% of the drug was released in the same time period. These results
suggest that the difference in the release profiles observed from
the implants is also dependent on the molecular weight of the
model drugs.

The release profiles in Figure 6A and B were statistically com-
pared to determine whether a significant difference exists. This
was carried out through the Mann-Whitney non-parametric test
followed by a two-tailed P post test. In both cases the P values were
0.5285 (Fig. 6A) and 0.1464 (Fig. 6B), indicating non significant dif-
ference (p > 0.05). For Figure 6A, the Friedman non-parametric test
was applied followed by Dunn’s post test. The P (0.0062) value
showed significant difference only for (I) versus (II) dissolution
profiles while for pairs (I) versus (III) and (II) versus (III) it was
found to be p > 0.05.

3.5. Drug release kinetics

The release profiles were fitted to several kinetics models. The
parameters calculated by these models and the determination
coefficients (R2) obtained are summarised in Table 3. The Peppas28

and Hixson–Crowell model29 were able to fit most of the formula-
tions where relative good coefficients were obtained (Table 3).
Generally, in spherical matrices, if n 6 0.43, a Fickian diffusion
(case-I) is applicable, when 0.43 < n < 0.85, a non-Fickian transport
takes place and if n P 0.85, a case-II transport (zero order) drug re-
lease mechanism dominates.28–31 All the other models such as first
order,32–34 Baker–Lonsdale35 were able to fit the release profiles of
both calcein and FD in one occasion each. These findings indicate
that most of the release patterns are controlled by drug diffusion
(Higuchi or Peppas) and surface of the tablet (Hixson–Crowell).
The selection of the adequate model was based on comparisons
of the following features for each model: higher determination
C Cal/NCSO Cal/NCSO/MC FD/C FD/NCSO

000 0.0001 ± 0.0000 0.0000 ± 0.0000 0.1298 ± 0.0609 0.0021 ± 0.0006
0.9510 0.9574 0.9347 0.9570

001 0.0020 ± 0.0002 0.0015 ± 0.0001 1.3402 ± 0.2528 0.0189 ± 0.0032
0.8830 0.9135 0.9877 0.9827

333 2.113 ± 0.1345 1.615 ± 0.0979 67.219 ± 8.7919 8.7041 ± 0.6148
0.9492 0.9572 0.9498 0.9772

000 0.0006 ± 0.0001 0.0005 ± 0.0000 0.3576 ± 0.0575 0.0050 ± 0.0005
0.8795 0.9116 0.9875 0.9913

189 4.9091 ± 1.6651 2.9944 ± 1.3154 64.134 ± 15.0648 1.7456 ± 0.7952
69 0.3291 ± 0.0688 0.3750 ± 0.0882 0.6185 ± 0.3630 0.8547 ± 0.0991

0.9669 0.9367 0.9577 0.9968
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coefficient; smaller standard error of model parameters and smal-
ler residual mean square.36

Dissolution profiles described by the Hixson–Crowell cube law
are applied when the geometric shape of the dissolving particles
diminishes proportionally over time, and when the dissolving
particles are isometric. In this case, the drug release rate is propor-
tional to the surface area of dosage form such as the erosion-
dependent release systems. It is possible that the rough surface
observed in the presence of N-octyl-O-sulfate chitosan inducing
tablet erosion with the elapse of time and the tablet fragments
were discharged in the dissolution medium.

The smooth surfaces observed in the presence of N-octyl-O-sul-
fate chitosan or methylcellulose are well fitted to the Peppas, Hig-
uchi, Baker–Lonsdale and first-order models indicating diffusion
dependence in every occasion caused by the polymer nature and
close packing of the excipients.37

4. Conclusions

Our results demonstrate that the presence of different chitosan
derivatives can alter the release profiles of model drugs depending
on the intended use of these formulations. By tailoring the proper-
ties of the polymers (hydrophilic/hydrophobic) the desired drug
release rate can be obtained. These preliminary results lay the
framework for future work by employing biodegradable chitosan
derivatives for bone implants.
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