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Chitosan-based nanocomplexes with various forms were prepared by ionically crosslinking with tripoly-
phosphate (TPP) in different acidic media under mild conditions. It was found that the self-assembly and
ionic interactions of chitosan and TPP were greatly affected by reaction media, and chitosan-based nanof-
ibers could be obtained in adipic acid medium while nanoparticles were formed in acetic acid medium.
Using bovine serum albumin (BSA) as a macromolecular model-drug, in vitro drug release studies indi-
cated that chitosan-based nanofibers and nanoparticles exhibited a similar prolonged release profile. In
addition, the bioinspired mineralization of both chitosan-based nanofibers and nanoparticles was carried
out by soaking them in synthetic body fluids (SBF). Transmission electron microscopy (TEM) and X-ray
Diffraction (XRD) results indicated that chitosan-based nanofibers have better inductivity for nano-
hydroxyapatite formation than chitosan-based nanoparticles. The results suggested that biomimetic
chitosan-based nanofibers with controlled release capacity of bioactive factors may be of use in bone tis-
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sue engineering for enhancing the bioactivity and bone inductivity.
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1. Introduction

Chitosan, a natural polysaccharide composed of B-(1 — 4)-
linked 2-amino-2-deoxy-p-glucopyranose (glucosamine) and 2-
acetamido-2-deoxy-p-glucopyranose (acetylglucosamine), has at-
tracted considerable attention in pharmaceutical and biomedical
applications owing to its favorable biological properties such as
low toxicity, biocompatibility, and biodegradability (Ravi Kumar,
Muzzarelli, Muzzarelli, Sashiwa, & Domb, 2004). A number of
methods have been developed to fabricate chitosan-based micro
or nanoscale particles, fibers, hydrogels, membranes, and three-
dimensional scaffolds, which can be used in various applications
such as biosensors, drug delivery systems, non-viral vectors for
gene transfection, tissue reconstruction and wound healing (Bhat-
tarai, Edmondson, Veiseh, Matsen, & Zhang, 2005; Liu & Yao, 2002;
Rao, Naidu, Subha, Sairam, & Aminabhavi, 2006; Yi et al., 2005).
Since chitosan becomes positively charged in aqueous acidic solu-
tions due to the protonation of the free amine groups below its pK,
(pH<6.2), it can form a variety of complexes with natural or syn-
thetic polyanions of various characteristics by the oppositely-
charged electrostatic interactions. Numerous studies (Agnihotri,
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Mallikarjuna, & Aminabhavi, 2004; Berger et al., 2004; II'ina & Var-
lamov, 2005) have been carried out to investigate chitosan com-
plexes because such complexes usually have some specific
physical, chemical and biological properties, and the formation
process of complexes is very simple and mild, avoiding the possible
toxicity of chemical reagents and other undesirable effects.

It’s well known that the formation of chitosan complexes in
aqueous solutions depends not only on the degree of deacetylation
and molecular weight of chitosan, the chemical structure of poly-
anions, but also on their reaction conditions, such as pH, acidic
medium, ionic strength, concentration, mixed ratio, and duration
and temperature of the interaction. By controlling the above fac-
tors, chitosan complexes with various structure and properties
could be prepared for controlled-release oral drug delivery or local-
ized delivery of specific bioactive factors in tissue engineering
(Janes, Calvo, & Alonso, 2001; Shu & Zhu, 2002). Bodmeier, Chen,
and Paeratakul (1989) reported the technique of preparing micro-
or nano-particulate drug delivery systems using chitosan/TPP com-
plexes. Chen, Wang, and Hon (2006) studied the influence of car-
boxylic acid solvents and the pH of chitosan solution on the
structure and morphology of chitosan/poly(acrylic acid) com-
plexes, and successfully prepared chitosan/poly(acrylic acid) com-
plex nanofibers using a modified dropping method in adipic acid
solution.

Recently, bioinspired design and manufacture of scaffolds for
tissue engineering have received increasing interests to provide


mailto:tumei@jnu.edu.cn
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol

108 R. Zeng et al./Carbohydrate Polymers 78 (2009) 107-111

the microenvironment similar to the natural extracellular matrix
(ECM) for regenerative cells and tissues (Chung & Park, 2007; Ing-
ber et al., 2006; Ma, 2008). The biomimetic scaffolds should not
only possess a three-dimensional and well defined microstructure
similar to ECM, but also provide the controlled delivery of specific
bioactive factors to enhance and guide the regeneration process.
Polymeric nanofibers mimicking the nano-fibrillar structure of na-
tive ECM collagen have been thought to enhance cell adhesion,
migration, proliferation and differentiated function (Barnes, Sell,
Boland, Simpson, & Bowlin, 2007; Toh et al., 2006). Thus, chito-
san-based nanofibers with controlled release capacity may be
helpful to form a biomimetic microenvironment similar to native
ECM in tissue engineering. In this paper, chitosan-based nanocom-
plexes with various forms: nanofibers or nanoparticles were pre-
pared by ionically crosslinking with TPP in different acidic media
under mild conditions. Their structure and interactions were char-
acterized by TEM, XRD and Fourier-transform infrared (FT-IR)
spectroscopy. Chitosan-based nanocomplexes obtained were sub-
jected to in vitro hydrolysis studies in order to investigate their
behaviors of releasing bioactive molecules in physiological envi-
ronment using BSA as a macromolecular model-drug. Since
hydroxyapatite (HA, Ca;o(PO4)s(OH);) as one of the major inor-
ganic constituents of bones has been proven to be bioactive and
osteoconductive, and be able to promote the attachment and
growth of human osteoblast-like cells (Cengiz, Gokce, Yildiz, Aktas,
& Calimli, 2008; Fathia, Hanifia, & Mortazavi, 2008), the formation
of HA induced by chitosan-based nanocomplexes was investigated
and compared by bioinspired mineralization in SBF, in order to
examine their biological efficacy for bone tissue engineering.

2. Materials and methods
2.1. Materials

Chitosan (medium molecular weight, Brookfield viscosity:
200cps) was purchased from Aldrich, and refined twice by dissolv-
ing in dilute acetic acid solution then precipitating from dilute
ammonia. Adipic acid was supplied by Sinopharm Chemical Re-
agent Co. Ltd. TPP was purchased from Guangzhou Chemical Re-
agent Factory. BSA was obtained from Sigma. All other reagents
were of analytical grade and used as received.

2.2. Methods

2.2.1. Preparation of chitosan-based nanocomplexes

Chitosan was dissolved in 2% v/v acetic acid solution and 2% w/|v
adipic acid solution at a concentration of 0.1% w/v, respectively.
TPP was also dissolved in double-distilled water at 0.1% w/v. The
chitosan solution was then dropped into TPP solution at a volume
ratio of 3:1 through a syringe needle (0.45 mm in diameter), and
stirring for 1h at room temperature. The ionically crosslinked
chitosan-based nanocomplexes were obtained using the following
procedure: the opalescent mixed solutions were ultra centrifuged,
pre-frozen at liquid N, (—196 °C) and then lyophilized. To remove
the remaining acid, the lyophilized products were washed with
0.1 mol/L NaOH solution and double-distilled water, and then
lyophilized again to obtain the final products.

2.2.2. Drug loading and in vitro release

Macromolecular model-drug (BSA) was dissolved into the chito-
san solution before the incorporation of TPP solution at 1.8 mg/mL,
and then followed the above procedure to prepare the BSA-loaded
chitosan-based nanocomplexes. The amount of BSA entrapped in
the nanocomplexes was calculated based on the difference be-
tween the total amount of BSA used and the amount of non-en-

trapped BSA remaining dissolved in the aqueous suspension.
BSA-loaded nanocomplexes were separated from the aqueous sus-
pending medium by ultra centrifugation at 20,000 rpm for 30 min.
The amount of free BSA in the clear supernatant was measured by
ultraviolet-visible (UV-VIS) spectroscopy at 280 nm using a Jasco
V-550 spectrophotometer (Japan). The BSA loading efficiency was
calculated from indicated below equation: BSA loading effi-
ciency = (Total amount of BSA — free BSA in supernatant)/Total
amount of BSA x 100%. Each experiment was performed in
triplicate.

In order to investigate the behaviors of releasing bioactive mol-
ecules in physiological environment of the obtained chitosan-
based nanocomplexes, about 50 mg BSA-loaded nanocomplexes
were suspended in 50 ml Phosphate Buffered Saline (PBS) solution
(pH 7.4) incubated on a shaking water-bath at 37.0+0.5 °C,
50 rpm, and sampled at predetermined intervals with adding an
equal volume of buffer solution to maintain a constant volume of
releasing medium. After ultra centrifugation at 20,000 rpm for
30 min, the amount of released BSA in the supernatant was deter-
mined by UV-VIS spectrophotometric measurements at 280 nm
(Polk, Amsden, Yao, Peng, & Goosen, 1994; Xu & Du, 2003). Each
experiment was repeated in triplicate.

2.2.3. Formation of HA

The obtained chitosan-based nanocomplexes were soaked in
SBF with ion concentrations (Na* 142.0, K* 5.0, Mg?* 1.5, Ca®* 2.5,
Cl~ 147.8, HCO; 4.2, HPO™ 1.0, SO;~ 0.5 mmol/L) nearly identical
to those of human blood plasma in sterile polyethylene containers
at 37.0+0.5°C for 7 days. The SBF was prepared by dissolving
appropriate quantities of chemical reagents including NaCl, NaH-
CO3, Kdl, KH2P04 . -3H20, MgClz : *6H20, CaClz and N32504 in
distilled water, buffered at pH 7.40 with trishydroxymethylami-
nomethane and hydrochloric acid, according to the procedure re-
ported by Kokubo, Miyaji, Kim, and Nakamura (1996). After
soaking, the samples were removed from the SBF, washed with dis-
tilled water and vacuum dried.

2.2.4. Characterization

The morphologies of chitosan-based nanocomplexes and bioin-
spired-mineralized chitosan-based nanocomplexes were observed
by TEM (Philips, Tecnai-10, Netherlands). Their crystal structure
was determined by XRD in a Rigaku D/max-3A diffractometer (Ja-
pan) using a Cu Kot X-ray line at a scan rate of 8° - min~'. The chem-
ical interaction between chitosan and TPP in nanocomplexes was
measured by FT-IR spectroscopy (Bruker, Equinox-55, Germany)
in KBr.

3. Results and discussion
3.1. Morphology and structure of chitosan-based nanocomplexes

TEM images of chitosan-TPP nanocomplexes formed by ionical-
ly crosslinking in different acidic media are shown in Fig. 1. It could
be seen that chitosan-based nanofibers with the average diameter
about 200 nm and the length up to several microns were formed in
adipic acid medium, while nanoparticles with the average diame-
ter about 150 nm were formed in acetic acid medium. The reaction
acidic medium strongly affects the formation of nanocomplexes
since the chemical steric structure and the hydrocarbon chain
length of carboxylic acid used would greatly influence the configu-
ration of chitosan and its interaction with TPP in aqueous solutions
(Shamov, Bratskaya, & Avramenko, 2002), though adipic acid and
acetic acid have similar pKj, values, 4.43 and 4.76, respectively. Adi-
pic acid with the large chain length and two carboxylic groups
could affect the dispersion of chitosan in aqueous solutions and



R. Zeng et al./Carbohydrate Polymers 78 (2009) 107-111 109

(a)

500nm

Fig. 1. TEM images of Chitosan-TPP nanocomplexes formed by ionically crosslinking in (a) adipic acid medium and (b) acetic acid medium.

the electrostatic interaction with TPP, and act as a template to in-
duce the formation of nanofibers.

Fig. 2 demonstrates the XRD patterns of refined chitosan and
chitosan-TPP nanocomplexes. The XRD pattern of chitosan-TPP
nanoparticles obtained in acetic acid medium was similar to
the pattern of frozen-dried refined chitosan in terms of the peak
position and relative intensity, however the XRD pattern of
chitosan-TPP nanofibers obtained in adipic acid medium showed
a broad triplicate peak at 20 of around 21° instead of a broad
peak at 20.0° with a shoulder at 21.8° assigned to (02 0) and
(102) reflection for chitosan-TPP nanoparticles, respectively.
The new peak could be ascribed to the (01 1) reflection from
adipic acid (Karadedeli, Bozkurt, & Baykal, 2005). The results
indicated that there was some residue of adipic acid in chito-
san-TPP nanofibers, which would influence the crystal structure
of nanofibers.

Fig. 3 depicts the FTIR spectra of chitosan, chitosan-TPP nanof-
ibers obtained in adipic acid media, chitosan-TPP nanoparticles ob-
tained in acetic acid media, and TPP. From the pure chitosan
spectrum, the carbonyl stretching (amide I band) at 1655 cm™'
and NH, bending (amide Il band) at 1597 cm™! could be clearly ob-
served. The broad band ascribed to the stretching vibration of -
NH, and -OH group appeared at 3400-3500 cm ™!, and the absorp-
tion bands at 1000-1200 cm~! were attributed to its saccharine
structure (Arof & Osman, 2003). Compared with that of chitosan,
the absorption band assigned to the stretching vibration of -
CH,- at 2920 cm™! increased for chitosan-TPP nanocomplexes,
and the amide Il band shifted to 1574 cm™! for chitosan-TPP nano-
particles, and further shifted to 1568 cm™~! for chitosan-TPP nanof-
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Fig. 2. XRD patterns of (a) chitosan, (b) chitosan-TPP nanofibers, and (c) chitosan-
TPP nanoparticles.
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Fig. 3. FTIR spectra of (a) chitosan, (b) chitosan-TPP nanoparticles, (c) chitosan-TPP
nanofibers, and (d) TPP.

ibers, though the amide I band had almost no shift. The results
indicated that some interaction have occurred between NH,
groups of chitosan and TPP in the nanocomplexes. Moreover, the
obvious difference of the relative intensity and position of amide
Il band to amide I band between nanoparticles and nanofibers also
suggested that the interaction in chitosan-TPP nanoparticles was
different from that in chitosan-TPP nanofibers.

3.2. Model-drug in vitro release of chitosan-based nanocomplexes

Chitosan complex nano- or micro-particles formed by ionical-
ly cross-linking have been proven to be efficient delivery sys-
tems to deliver drugs and other biologically active components,
such as peptides, proteins and oligonucleotides. In this work,
according to the UV-VIS data, chitosan-TPP nanoparticles and
nanofibers exhibited similar BSA loading efficiency values,
59.2% and 56.3%, respectively, since they had a similar loading
mechanism. The results of BSA release from the BSA-loaded
chitosan-based nanocomplexes in PBS at 37.0+0.5°C are re-
ported in Fig. 4. As can be seen, both chitosan-TPP nanoparticles
and nanofibers exhibited a similar BSA releasing profile under
experimental conditions, and the profile could be classified into
three stages due to the complicated mechanisms for biodegrad-
able polymeric delivery systems: diffusion of the drug and deg-
radation of the polymer (Silva, Ducheyne, & Reis, 2007). The
initial stage from O to 12 h was a burst release, caused by diffu-
sion of BSA located closer to the surface of chitosan-TPP nano-
complexes. The second period from 12 to about 150h was a
minimal release stage, mainly caused by gradual degradation of
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Fig. 4. Release of BSA from (a) chitosan-TPP nanoparticles and (b) chitosan-TPP
nanofibers in PBS at 37.0 £ 0.5 °C.
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Fig. 5. XRD patterns of (a) chitosan-TPP nanoparticles and (b) chitosan-TPP
nanofibers after soaking in SBF at 37.0 + 0.5 °C for 7 days.

the chitosan-TPP nanocomplexes, and the third stage with the
increased releasing rate of BSA was after about 150 h due to
massive degradation of the material. Totally about 67.1% of
BSA was released from the BSA-loaded chitosan-TPP nanoparti-
cles within 280 h with a starting rate of 0.77%/h, while approx-
imately 77.6% of BSA was released from the BSA-loaded
chitosan-TPP nanofibers with a starting rate of 0.72%/h. The re-

(@)1

sults suggested that chitosan-TPP nanofibers may provide a pro-
longed release of bioactive agents in physiological conditions as
chitosan-TPP nanoparticles.

3.3. Bioinspired mineralization of chitosan-based nanocomplexes in
SBF

Bioinspired mineralization of biomaterials by immersing in SBF
has been frequently used to evaluate their in vitro bioactivity un-
der physiological conditions for bone tissue engineering (Kokubo
& Takadama, 2006). Fig. 5 shows the XRD patterns of bioin-
spired-mineralized chitosan-TPP nanocomplexes by soaking in
SBF at 37.0 £ 0.5 °C for 7 days. Compared with chitosan-TPP nano-
particles, chitosan-TPP nanofibers after soaking in SBF showed new
reflection peaks with higher relative intensity at 25.4° and 31.8°,
which corresponded to the characteristic peaks of (002) and
(211) planes of HA, respectively, indicating the presence of HA
structure (Cengiz et al., 2008). The results indicated that chito-
san-TPP nanofibers have better inductivity for hydroxyapatite for-
mation than chitosan-based nanoparticles, which was confirmed
by the TEM images of chitosan-TPP nanocomplexes after soaking
in SBF for 7 days. As shown in Fig. 6, needle-like HA nanoparticles
could be obviously observed only in chitosan-TPP nanofibers/SBF
system. Since the natural bone is a composite mainly consisted
of nano-sized, needle-like HA crystals (accounts for about
65 wt.% of bone) and collagen fibers (Olszta et al., 2007), chito-
san-TPP nanofibers which not only mimic the nano-fibrillar struc-
ture of native ECM collagen but also have the ability to induce the
formation of nano-HA in SBF may be used as a potential scaffolding
material for bone tissue engineering.

4. Conclusion

Chitosan-based nanocomplexes with various forms were pre-
pared by ionically crosslinking with TPP under mild conditions. It
was found that the formation and structure of nanocomplexes
were significantly affected by reaction media, and chitosan-TPP
nanofibers mimicking the nano-fibrillar structure of native ECM
collagen could be obtained in adipic acid medium while nanopar-
ticles were formed in acetic acid medium. In vitro drug release of
BSA in PBS indicated that both chitosan-TPP nanofibers and nano-
particles can provide a similar prolonged release of bioactive
agents in physiological conditions. The results of bioinspired min-
eralization suggested that chitosan-TPP nanofibers have better
inductivity for nano-hydroxyapatite formation than chitosan-TPP
nanoparticles. It was supposed that biomimetic chitosan-TPP
nanofibers with controlled release capacity of bioactive factors
and inductivity for nano-HA formation may be used as a scaffold-
ing material to provide a biomimetic microenvironment similar to
the natural ECM for regenerative cells and tissues in bone tissue
engineering.

"VA : (b)

Fig. 6. TEM photos of (a) chitosan-TPP nanoparticles and (b) chitosan-TPP nanofibers after soaking in SBF at 37.0 + 0.5°C for 7 days.
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