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Effect of CDHA nanoparticles on drug release behavior of CDHA/Chitosan nanocomposites
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Abstract

With the aim of the manipulation of release
kinetics via bioactive nanofillers for orthopedic
drug-loaded implants, the effect of CDHA
nanofiller on drug release kinetics was studied

VLA FHEPE LY

by adopting vitamin B, as a model drug from
chitosan/Ca-deficient hydroxyapatite
(CS/CDHA) nanocomposite membranes
prepared in terms of different synthetic
processes, i.e. in-situ and ex-situ routes, and
various amounts of CDHA. A higher value of
diffusion exponent (n) was obtained for the
membranes in-situ synthesized compared to that
ex-situ prepared. A well-fitted linear correlation
between crosslink degree and n value indicates
that drug diffusion across the membrane is
controlled by the micro/nano-structure of the
hybrid membrane, which is strongly influenced
by both the synthesis process and the
concentration of the nanofiller in the membrane.
Permeability (P) of the membranes showed a
lower value for those prepared via the in-situ
process which is contributing to the higher
crosslink degree and longer diffusion path.
Furthermore, it was found that with increasing
CDHA amount in the range below 10 wt%, the
n value of in-situ CS/CDHA nanocomposite
membranes increased but the P value decreased.
However, as the CDHA content was increased
more than 30%, an increased P value was
observed but the n value remained constant.

Keywords: Chitosan, Ca-deficient
hydroxyapatite, nanocomposite, drug release,
crosslink

1. Introduction

Chitosan (CS) has been widely used as
scaffolding materials in tissue engineering [1],
orthopedic implants [2] and drug delivery
vehicles [3] for many years because of its



outstanding

characters of such as osteoconductivity,
biodegradability, and biocompatibility, and its
low pricing. Nevertheless, chitosan is lack of
sufficient mechanical strength, which restricts
its uses for load-bearing applications, especially
in orthopedics. Many studies have attempted to
improve those properties by incorporating
calcium phosphate bioactive ceramic such as
hydroxyapatite (HAp, Ca;o(PO4)s(OH))) and ,
B-tricalcium phosphate (B-TCP, Ca3(POs),) [4,
5]. However, natural bone mineral has
essentially a calcium-deficient apatitic structure
(Ca-deficient hydroxyapatite, CDHA) with a
Ca/P ratio of about 1.5, which is
compositionally similar ~ to tricalcium
phosphates (Ca/P = 1.5) and structurally similar
to stoichiometric hydroxyapatite (Ca/P = 1.67).

Therefore, CDHA is considered to be a
candidate material with respect to both
mechanical reinforcement and biological

activity for orthopedic application.

The key successful point of macroporous
scaffolding devices for osteogenesis is not only
the suitable matrix with sufficient bioactivity
and mechanical strength for osteogenic
progenitor cells, but also the sustained release of
antibiotic and growth factor to eliminate
inflammation and insure osteoblast
differentiation, respectively [3, 6]. Up to now,
many studies have been done on the
microstructure and mechanical properties of
CS/HAp nanocomposites for orthopedic use [7,
8]. However, the role of CDHA nano-crystals in
drug release behavior of chitosan-based
composite has been barely found in the
literature. Therefore, it is feasible to design a
CS/CDHA nanocomposite as bone substitute
loaded with bioactive agents with various
release kinetics manipulated by the amount of
CDHA nanofiller.

Generally, drug release kinetics of
polymeric drug delivery system have been
usually characterized by the use of membrane
permeability (P) and diffusion exponent (n)
which are used to describe the release behavior

for membrane (reservoir) systems and the
diffusion mechanism for matrix (monolithic)
systems, respectively [9]. Furthermore, both
indexes in polymer-based materials are strongly
dependent on crystallinity, plasticization, glass
transition temperature (T,) and swelling of the
polymer vehicle, which are also affected by the
presence of nanofillers [10-12]. Most
researchers found an increase in the T, as a
function of nanofiller content [13, 14]. On the
contrary, a decrease in Ty with the increase of
nanofiller was also reported [12, 15].
Furthermore, the influence of filler on resulting
crystallinity of polymeric phase has been not
consistently reported. Some reported that
nanofiller acted as nucleation agent to enhance
the crystallinity of semi-crystalline polymer [11].
However, some suggested that nanofiller could
retard the evolution of crystalline structure
within the polymeric domains of the composite
[16]. These arguments are due to various extent
of polymer-filler interaction in different
composite systems [16, 17]. In order to classify
the role of polymer-filler interaction in drug
release behaviors of CS/CDHA nanocomposite,
the in-situ preparation process was employed
because this has been reported to improve the
mechanical  properties of  chitosan/HAp
composite through enhancing polymer-filler
interaction [18].

In this work, with the aim of studying the
roles of polymer-filler interaction in the drug
release behavior of CS/CDHA nanocomposite,
in-situ incorporation of the CDHA nanoparticles,
i.e. CDHA synthesized in the presence of
chitosan, was employed. For comparison,
ex-situ synthetic process was also prepared. In
other words, CDHA nanofiller was synthesized
first and then added into the chitosan solution.
Membrane permeability and diffusion exponent
of CS/CDHA nanocomposites with various
CDHA content were systematically investigated,
aimed at exploring the influences of CDHA
nanofillers on the drug release behavior and
corresponding release mechanism.



2. Experimental Procedure

2.1. CS/CDHA nanocomposite membrane

preparation

In this study, the CS/CDHA nanocomposite
membranes with various CDHA content were
prepared via in-situ and ex-situ process to
characterize the influence of nanofiller and
polymer-filler interaction on drug delivery
behavior. CS with 215k molecular weight and
80% degree of deacetylation was supplied by
Aldrich-Sigma. CS solution of 1%(w/v) was
first prepared by dissolving CS powder in 10%
(v/v) acetic acid solution. For ex-situ processes,
CDHA nanoparticles were first synthesized by
mixing Ca(CH3;COO), aqueous solution with
H3PO,4 aqueous solution. The pH value was kept
at 7.5 by the addition of NaOH solution (1M).
The un-reacted precursors in the resulting
CDHA suspension were removed by repeating
precipitation and distilled-water (DI water)
washing process for three times. The resulting
CDHA/DI water suspension was added into CS
solution to form CS/CDHA suspension. For
in-situ process, H3PO4 aqueous solution (0.16M)
was first added into CS solution and then
Ca(CH3COO), aqueous solution (0.25M) was
added into this mixture solution. The pH value
was also kept at 7.5 by NaOH solution (1M).
The composite membranes with the volume
ratios of CS/CDHA controlled at 95/5, 90/10,
70/30 and 50/50 for both in-situ and ex-situ
processes (see table I). Subsequently, those
CS/CDHA suspensions were poured into Petri
dish to form CS/CDHA membranes after drying
at room temperature for 7 days.

2.2. Material characterization

The volume ratio of CS/CDHA was
confirmed by thermogravitational analysis
(TGA, Perkin Elmer). The Crystallographic
phase of CS/CDHA composites were identified
by X-ray diffractometer (XRD, M18XHF, Mac
Science, Tokyo, Japan). The morphology of
both composite membranes and CDHA

nano-crystals was observed by using scanning
electron microscopy (SEM, Hitachi S4000) and
transmission  electron microscopy (TEM,
JEOL-2000FX).

2.3. Determination of diffusion exponent for

drug-loaded matrix system

Vitamin By, (Sigma, V-2876) is a water soluble agent
with low molecular weight (1355Da), small molecular
size and negligible interaction with CDHA, which is a
suitable model drug for our system. It should be
incorporated into CS/CDHA matrices in advance for
diffusion exponent determination. The preparations of
drug-loaded matrix membranes were similar to above
mentioned process (section 2.1). Before membrane drying,
vitamin B, was added into those CS/CDHA suspensions.
The subsequent drying process was also the same as
above mentioned process (section 2.1). These composite
membranes were  put  into PBS solution
(phosphate-buffered solution, pH7.4) for release test. The
release medium was withdrawn for each juncture and
replaced with equivalent volume of fresh buffer. The
released amount of vitamin Bj, was determined by
UV-visible spectroscopy (Agelent 8453) at 361 nm.

2.4. Determination of the permeability of

membrane system

The permeation tests were performed by
the use of side-by side diffusion cell. Vitamin
B2 aqueous solution (90ml) of 0.02% (m/v)
was added into the donor cell as model drug.
The same volume of PBS solution was added
into receptor cell. Drug-free composite
membrane was fixed between the two half-cells.
The amount of permeated vitamin B;, was
determined by using UV-Visible spectroscopy
for each juncture. The apparent partition
coefficient (H) of vitamin Bj, for CS-CDHA
composite/aqueous medium was determined as
follows [19]. Drug-free CS-CDHA composite
(10 mg) was immersed in the release medium
until equilibrium state. The wet weight (W) was
recorded. The nanocomposite was then
immersed in 10ml of vitamin Bj,-containing
medium.  Partition coefficient (H) was
determined from the initial (Cy) and equilibrium
(Ce) concentration of vitamin Bj,-containing
mediums by using Eqn. 1:



H=10(Cy-C.)/WCe. (D)
3. Results and Discussion

3.1 Material characterization

Figure 1 shows the cross-sectional area
(fracture  surface) of those composite
membranes. For the in-situ process (Figure la,
Ib and 1c), it can be found that most of the
membranes showed  non-porous  with
dimple-like fractured surface except for the
In-situ 50 sample (Figure 1d), which is probably
caused by plastic deformation. The number of
dimple decreased and the dimple size increased
as the CDHA content was increased. By contrast,
for the ex-situ process, the membranes became
porous when the CDHA amount was over 30%
(Figure 1f). It is due to agglomeration of the
incorporating CDHA nanoparticles, which are
further evidenced by TEM as shown in Figure 2.
These agglomerates could be the favorable sites
for the nucleation of voids upon drying.
Therefore, in this work, data of Ex-situ 30 and
Ex-situ 50 were excluded due to their
macro-porous structure, which could not
comply with the fundamental hypothesis of
Equations 1 and 2 in the forthcoming analysis
[9].

Figure 3 shows the XRD patterns of
CDHA, CS and CS/CDHA nanocomposites.
One major peak at 26~21°and two minor peaks
at 20~26° and 32° appeared in both samples of
In-situ 10 and Ex-situ 10. According to the
ICDD No. 39-1894 and No. 46-0905, the major
peak and two minor peaks can be identified as
semi-crystalline chitosan and poorly crystalline
CDHA, respectively. It indicated that CS/CDHA
composites could be synthesized through both
in-situ and ex-situ processes. Furthermore, it
was found that the crystallinity of CS was
decreased with increasing CDHA content,
which is probably caused by the well-dispersed
CDHA nano-crystals which act as point defect
in the chitosan matrix [15]. As previously
mentioned, the extent of CDHA agglomeration
was increased as the CDHA content increased

over 30%, which retarded crystallization. In
addition, Strawhecker et al. also reported that
strong polymer-filler interaction could change
the molecular conformation of polymer chain in
the vicinity of filler and simultaneously gave
rise to the formation of localized amorphous
regions [16]. This explains a considerable
inhibition of the crystallinity development of
chitosan crystals and this retard becomes more
pronounced when the CDHA amount is greater
than 30 wt%.

Figure 4 shows the TGA curves of
CS/CDHA nanocomposite membranes prepared
via the in-situ process. Thermal decomposition
of pure chitosan without crosslink was clearly
observed between 150°C to 250°C, which is
attributed to the cleavage of hydrogen bonding
[20]. The TGA curve of Ex-situ 10 was similar
to that of In-situ 5 (not shown). However, no
thermal decomposition region was observed for
both In-situ 30 and In-situ 50 samples.
Furthermore, it was found that as the pure
chitosan membrane was fully crosslinked by
TPP (tripolyphosphate), its TGA curve was very
similar to that of both In-situ 30 and In-situ 50
samples. This result suggests that the CDHA act
as a crosslinking medium with chitosan, which
is attributed to the electrostatic attraction
between (PO4)” moieties (from CDHA) and
protonated amino groups (NH3") in chitosan
molecules. The electrostatic attraction force
stabilizes  polymer chain network via
crosslinking operation. The degree of crosslink
could be quantified by calculating the weight
loss of the composite membranes with respect to
the weight loss of pure chitosan in the range
from 150°C to 250°C and the results are shown
in Figure 5a. As can be seen, when the
incorporated CDHA was below 10%, crosslink
degree was almost linearly increased with
CDHA content, above that, the correlation
tended to become constant. This observation
could be accounted for by assuming that all the
NH;" groups in chitosan molecules are fully
occupied by interaction with the surface
phosphate groups of the CDHA nanoparticles



and under such a full occupation, no further
sites for crosslinking are available. On the other
hand, for the sample with 10% of CDHA, the
crosslink degree in the composite membranes
prepared via the in-situ processes were higher
than those prepared via the ex-situ alternative. It
is then reasonably to believe that in-situ
synthesis  offers an  overall  stronger
filler-polymer interaction and more CDHA
nucleation site, thus making better dispersion of
the CDHA nanoparticles in the chitosan matrix.
In this condition, the well-dispersed CDHA
nano-crystals provide more efficient crosslink
with chitosan than that of the agglomerated
CDHA nano-crystals prepared via the ex-situ
process.

3.2 Diffusion exponent of drug-loaded matrix
system

Diffusion exponent n, as defined in Eqn.
(2), can be used to determine release kinetics
and diffusion mechanism for polymeric matrix
(monolithic) drug delivery systems (DDS). The
values of n in Eqn. (2), for most polymeric DDS
lie between 0.5 to 1 (anomalous diffusion) for
the specimens with slab geometry. When the
exponent n takes a value of 1.0, the drug release
rate is independent of time (zero-order release
kinetics). It indicates a swelling controlled
mechanism (Case II transport). For n=0.5, it
indicates diffusion controlled mechanism (i.e.,
Fickian diffusion). The diffusion exponent n of
non-porous materials can then be determined by
the use of Power Law [21, 22]:

(M¢/M.,,) = kt" )

where M; is the amount of drug released at time
t, My, is the amount of drug released at
equilibrium state, k is a constant and n is
diffusion exponent related to the diffusion
mechanism. As revealed in Figure 5a, the
exponent n was strongly affected by synthetic
process and concentration of the nanofiller. It
was observed that the n values of the
membranes  synthesized  through in-situ

processes were higher than those through
ex-situ process. This, according to previous
argument, is probably due to the stronger
polymer-filler interaction between CS and
well-dispersed CDHA crystals, and higher
crosslink degree particularly for the in-situ route.
This assumption is further supported by DMTA
curves shown in Figure 6. It is known that for
semi-crystalline  polymers,  short  range
interaction in side-chain such as polymer-filler
interaction causes a shift of [-transition to
higher temperature region. Long range
interaction in backbone causes an o-transition
broadened or even peak disappeared [11-12, 15].
These two phenomena were both observed in
the DMTA curves for sample In-situ 10. It
suggests that well-dispersed CDHA
nanoparticles, i.e., in-situ route, provide greater
extent of crosslink with the chitosan and more
effectively reduce the molecular relaxation rate
of chitosan molecules, i.e., restricted relaxation.
This restriction of molecular relaxation is
believed to equivalently affect drug diffusion
within the nanocomposites and result in an
increase of exponent n, indicating that drug
release shifts from diffusion-controlled towards
swelling controlled mechanism [22].

Hongbin et al. reported a coarse-grained
domain relaxation model to depict the restricted
relaxation behavior in the nanocomposite
system based on the nature of polymer-filler
interaction [14]. The polymer chains around
filler can be classified into three regions:
Domain I (slow relaxation region in the vicinity
of filler), Domain II (fast relaxation region in
the central areas among neighboring fillers), and
Domain III (normal relaxation region in bulk
matrix). This model supports o-transition peak
observed in sample Ex-situ 10. It is due to poor
dispersion of CDHA nanofillers in the CS
matrix, which increases the areas of Domain III.
Therefore, restricted molecular relaxation in the
membrane prepared via the ex-situ process is
not as prominent as that prepared via the in-situ
process. Therefore, the diffusion exponent of the
CS/CDHA membranes is lower for the ex-situ



processes than that through the in-situ synthesis,
as further confirmed in Figure Sa.

The effect of CDHA content on diffusion
exponent is illustrated in Figure 5a. For pure CS,
n was close to 0.5, indicating a Fickian diffusion
kinetics. Incorporating the CDHA nanoparticles
into CS matrices caused an increased n, which is
well explainable in terms of the coarse-grained
domain relaxation model. Increasing the
concentration of the CDHA gives rise to an
increase in polymer-filler interaction, leading to
an increased volume of Domain I, and at the
same time, reduces the volume of Domain II
and Domain III. This indicates that the extent of
restricted relaxation is increased as the
concentration of CDHA increases. Therefore,
when the CDHA was added up to 10%,
exponent n was rapidly increased to 0.7 for the
nanocomposite prepared via the in-situ process,
indicating a transition from diffusion control to
swelling control. Furthermore, from
experimental findings, when the CDHA was
increased from 10% to 30%, the volume for
Domain II and III were largely replaced by
Domain I and tended to approach a saturated
level. The n value then became relatively
constant when the CDHA content was over 30%.
Interestingly, this phenomenon reveals that the
effect of CDHA content on diffusion exponent n
is very similar to that of CDHA content on
crosslink degree. This also implies a possible
correlation of diffusion exponent with the
degree of crosslink. Figure 5b shows the
resulting dependence, where a linear correlation
with R” as high as 0.98 was obtained. It
indicates that the degree of crosslink within the
matrix due to the incorporation of CDHA
nanoparticle profoundly affects the drug
diffusion exponent. However, it is believed that
the factors such as the orderliness of the matrix
(i.e., crystallinity) and the distribution of the
CDHA nano-phase (i.e., connectivity) acting as
a physical barrier for drug diffusion also
influences the resulting diffusion exponent. It is
more interesting if those factors can be clearly
differentiated in terms of respecting contribution

on the drug diffusion or more practically, drug
release behavior. However, difficulty will also
arise since some of factors are highly
inter-related, especially when the matrix
chitosan phase interacted with the CDHA
nano-phase, and hardly clearly separated.
Therefore, although no definitive conclusion
can be drawn at current stage, to the first
approximation, it is believed that the linear
correlation in Figure S5b exists and such
correlation is essentially an intrinsic nature of
the CS/CDHA nanocomposites.

3.3 Permeability of membrane system
Membrane permeability of polymeric film
can be determined based on Eqn. (3) [23]:

Ln (1-C/Co)= -2ADH/V)= -2AP/V)  (3)

where C; is the solution concentration in the
receptor cell at time t, Cy is the initial solute
concentration of the donor cell, V is the volume
of each half-cell, A is the effective area of
permeation, D is diffusion coefficient, H is
partition coefficient, and P is membrane
permeability (P = D*H). The slope of the plot
of (((V/2A) Ln (1-C¢/Cy)) versus t is membrane
permeability. The effect of CDHA content on
the permeability and partition coefficient of the
membrane prepared through the in-situ process
is illustrated in Figure 7. It was found that the
partition coefficient was slightly decreased with
increasing CDHA content because the
incorporated CDHA do not dissolve model drug.
It suggests that the diffusion coefficient (D)
becomes the dominant item for the membrane
permeability  (P=D*H). The membrane
permeability was  decreased with  the
incorporation of CDHA from 0% to 10%.
However, further increase in the CDHA from 10
to 30% caused an increase in the permeability
which became more pronounced when the
CDHA content was greater than 30%. The
extent of crosslink and the length of diffusion
path increase with the incorporation of CDHA
nanofillers, leading to the decrease of diffusion



coefficient. Therefore, the membrane
permeability of CS/CDHA nanocomposite
decreased with increasing CDHA content. On
the contrary, the crystallinity decreased as the
CDHA was incorporated into the -chitosan
matrix as evidenced in Figure 3. The CDHA
nanoparticles retard the crystallization of
chitosan, thus making the resulting chitosan
more amorphous, which in turn increases the
diffusion coefficient of the chitosan matrix [24].
Therefore, the influence of the CDHA on the
chitosan diffusion coefficient is essentially a
compromise between crosslink degree and
crystallinity. As the CDHA content was
increased over 30%, the decrease in the
crystallinity of the chitosan became dominant.
In addition, a further addition of CDHA causes
agglomeration between the nanoparticles as
observed in sample In-situ 50 which may further
induce the formation of the microcracks
between the CDHA phase and chitosan matrix
as a result of increased rigidity or more
specifically, voids within the CDHA
agglomerates. Either microcracks or voids could
act as effective paths, which causes a significant
increase in permeability, as observed in sample
In-situ 50%.

Figure 7 also shows the influence of
synthetic processes on membrane permeability.
For the CDHA content of 5% and 10%, the
permeability of composite membranes was
lower for the in-situ route than that via ex-situ
process. This is probably due to better
dispersion of the CDHA nanoparticles for
samples prepared by in-situ process, resulting in
more efficient physical barriers. A higher degree
of the crosslink (Figure.5a), compared to the
ex-situ synthesis, also provides inhibition to the
resulting diffusion coefficient.

Based on aforementioned argument, it is
desired to manipulate the release profile by
selecting suitable values of n and P through
incorporating various CDHA. Taking 5%, 30%
and 50% as examples, the resulting drug release
profiles for vitamin B;, from matrix membranes
are illustrated in Figure 8. A near-zero order

release profile with rapid release rate was
observed for 50% (In-situ 50) matrix membrane
samples (with n=0.72, P=8.9 * 10* cm?/h,
H=0.096, D=9.3 * 107 cmz/h); however, a
near-zero order release profile with moderate
release rate was achieved for 30% case (with
n=0.71, P=3.4 * 10 cm’/h, H=0.103, D=3.5 *
107 cm’/h). It suggests that D value could be
altered drastically without changing n value in
the range of CDHA amount from 30% to 50%.
Compared with In-situ 30, a relative long-term
release was achieved for In-situ 5 sample (with
n=0.6, P=3.7 * 10 ecm*h, H=0.112, D=3.7 *
10 cm?/h), whose D value was close to that of
In-situ 30.

Recently, sequential release of growth factor
has been reported because of its potential to
enhance wound healing and osteogenesis [25].
In addition, using combination antibiotic
therapy to decrease antibiotic-resistance has
been investigated [26, 27]. Unfortunately, the
effect of different bioactive agents or drugs may
be therapeutically inconsistent or possibly
adversely interacted in the same carrier
materials. In order to synergize the therapeutical
efficacy of multiple bioactive agents, it is more
clinically desirable to precisely manipulate drug
release profiles either simultaneously or
sequentially. Adapting biodegradable polymeric
microspheres reinforced by Ca phosphate to fill
bone defect has been pursed to achieve
satisfactory results [28]. Therefore, it is feasible
to design a bone filler loaded with multiple
drugs for simultaneous release or sequential
release profile via using CS/CDHA composite
microspheres with various release kinetics
regulated by the amount of CDHA nano-phase.
Compared  with  existing  conventional
approaches with various drug release kinetics
(i.e., molecular weight, crystallinity, amount of
crosslink agent), this study provides a relatively
simple, precise and controllable synthetic
methodology to manipulate release kinetics
based solely on both the chitosan and CDHA as
starting precursors.



4. Concluding Remarks

In conclusion, an orthopedic implant
material made of chitosan and CDHA with drug
delivery function has been studied. It was found
that both incorporated CDHA amount and
synthetic process significantly altered the drug
release behaviors of  CDHA/chitosan
nanocomposites. Moreover, the manipulation of
diffusion exponent and permeability could be
achieved by simply regulating the amount of
CDHA nanocrystal acting as bioactive nanofiller
and release regulator, which may provide
valuable information for a better design of
chitosan-based  orthopedic  devices  with
improved bioactivity and controlled drug release
function.
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Fig. 1 Selective SEM micrographs (cross section) of CS/CDHA
nanocomposite membranes.
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Fig. 2. Selective TEM micrographs of CS/CDHA nanocomposite
membranes.
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Fig. 4. TGA curves of TPP-crosslinked chitosan and CS/CDHA nanocomposite
membranes prepared via in-situ process.
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Fig. 5a. Dependences of synthetic processes and CDHA amount
on the crosslink degree and diffusion exponent of
nanocomposite membranes.
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Fig. 5b. Dependences of crosslink degree on the diffusion

exponents of nanocomposite membranes.
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Fig. 6. DMTA curves of chitosan and CS/CDHA nanocomposite
membranes with CDHA content 10%.
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nanocomposite membranes.
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