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Significant efforts have been made to develop a suitable biocompatible scaffold for bone tissue engineering. In
thiswork, a chitosan-graft-poly(acrylic acid-co-acrylamide)/hydroxyapatite nanocomposite scaffoldwas synthe-
sized through a novel multi-step route. The prepared scaffolds were characterized for crystallinity, morphology,
elemental analysis, chemical bonds, and pores size in their structure. Themechanical properties (i.e. compressive
strength and elastic modulus) of the scaffolds were examined. Further, the biocompatibility of scaffolds was de-
termined by MTT assays on HUGU cells. The result of cell culture experiments demonstrated that the prepared
scaffolds have good cytocompatibility without any cytotoxicity, and with the incorporation of hydroxyapatite
in their structure improves cell viability and proliferation. Finally, celecoxib as a model drug was efficiently load-
ed into theprepared scaffolds because of the large specific surface area. The in vitro release of the drug displayed a
biphasic pattern with a low initial burst and a sustained release of up to 14 days. Furthermore, different release
kinetic models were employed for the description of the release process. The results suggested that the prepared
cytocompatible and non-toxic nanocomposite scaffolds might be efficient implants and drug carriers in bone-
tissue engineering.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

The typical goal of a bone tissue engineering approach is to develop
bone graft replacements that can repair bone defects without the need
for allografts or autografts [1]. With this approach, the porous scaffold
serves an important role in the manipulation of the functions of osteo-
blasts and a central role in the guidance of new bone formation into de-
sired shapes. On the other hand, a sharp rise inmusculoskeletal diseases
and disorders often demands a drug treatment at the specific defect site
[2,3]. Local drug delivery systems are alternative tools in modern med-
icine because they can assure the optimal level of the drug for longer pe-
riods of time and the reduction in possible undesirable side effects. In
bone tissue engineering, the term “drug” refers to therapeutic agents
such as antibiotics, anti-cancers or anti-inflammatories [4,5]. The poten-
tial scaffold as a drug carrier must have the ability to incorporate a drug
either physically or chemically, retain the drug at the defect site, and de-
liver the drug in a controlled manner over time [6–8]. This procedure
can simplify treatment for the patient as surgery and drug delivery
that combined into one procedure rather than requiring post-surgical
systemic and oral administration.
-Samandari), saeedss@aut.ac.ir
In recent years, chitosan and its applications in the field of tissue en-
gineering have attracted considerable attention [9,10]. It has been stud-
ied as a useful biomaterial in diverse tissue engineering applications
because of its hydrophilic surface that promotes cell adhesion, prolifer-
ation and differentiation, good biocompatibility and host response, bio-
degradability by lysozyme and other enzymes, bactericidal/
bacteriostatic activity, and the capacity to maintain a predefined shape
after cross-linking [11–14]. However, chitosan is fragile and does not
have enough mechanical properties suitable for bone tissue engineer-
ing. The principal advantage of synthetic materials is that their porosity,
mechanical strength, and degradation rate can be easily tuned by vary-
ing the structures of the polymer and/or the cross-linker. An example of
that is poly(acrylic acid), which is a known biocompatible anionic poly-
mer that has been used as a Food and Drug Administration (FDA) ap-
proved basic component of a bone cement implant [15]. Another
example is polyacrylamide, which is also a synthesized polymer made
of a reactive acrylamide monomer [16]. Although the toxicity of the ac-
rylamide monomer has been documented, polyacrylamide is widely
used in biomedical applications and drug delivery [17,18]. Themechan-
ical properties of the mentioned polymers still need to be improved
which can be achieved by forming a composite of polymer-ceramicma-
terials [19]. Hydroxyapatite (HAp) is one such ceramic, which is a natu-
ral mineral constituent of human bone and teeth [20,21].
Biocompatibility, excellent bioactivity and osteoconductivity, being
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non-toxic and non-inflammatory, and excellent chemical and biological
affinity with bony tissue of HAp are some of the reasons that HAp is in-
creasingly being explored as bone substitute and drug delivery systems
for numerous applications in nano-medicine, orthopedics, and dentistry
[4,22,23]. To our knowledge, experimental investigations concerning
the composition and synthesis of chitosan-graft-poly(acrylic acid-co-ac-
rylamide)/n-HAp scaffold as a bone substitute with drug carrier poten-
tial have not yet been undertaken.

The aim of the present study is to not only introduce a novel nano-
composite scaffold as a bone substitute, but also reduce the risk of im-
plant failures with anti-inflammatory drug delivery potential. To this
end, novel composite scaffolds containing chitosan-graft-poly(acrylic
acid-co-acrylamide)/n-HAp using a freeze-drying method were intro-
duced. These scaffoldswere characterized by Fourier transform infrared
spectroscopy (FTIR), X-ray diffraction analysis (XRD), scanning electron
microscopy (SEM), and energy-dispersive X-ray spectroscopy (EDS).
Prior to the estimation of drug delivery, the evaluation and verification
of their biocompatibility and non-toxicity in the presence of HUGU fi-
broblastic cells were examined. Drug loading and releasing characteris-
tics of the prepared nanocomposite scaffolds and their kinetics of
release were investigated using celecoxib as a model drug. Celecoxib is
a selective COX-2 inhibitor drug and is the only non-steroidal anti-
inflammatory drug (NSAID) that has been approved by the FDA for ad-
juvant treatment of patients with familial adenomatous polyposis to
date [24–27]. Celecoxib has also been shown to inhibit the surviving
protein expression in human cancer cells [28–30]. We hypothesized
that the celecoxib-loaded scaffold could provide a novel and effective
drug carrier to bone healing.

2. Materials and methods

2.1. Materials preparation

Chitosan (average molecular weight, 300,000 g·mol−1 and degree
of deacetylation (DD), 95%, Aldrich) was dissolved in a dilute solution
of acetic acid (Merck). Acrylamide (Merck) and acrylic acid (Merck)
were used as monomers, and N,N′-methylene-bis-acrylamide (Aldrich)
and glutaraldehyde (25% in H2O, Aldrich) were crosslinkers. Celecoxib
as a model drug was extracted from a commercial pill (Celexib® 200,
DarouPakhsh Pharmaceutical Mfg. Co. Iran). Nano-HAp was prepared
using disodium hydrogen orthophosphate (Analar) and calcium chlo-
ride (Aldrich). Sodium hydroxide (Aldrich), sodium chloride (Merck),
potassium chloride (Merck), disodium hydrogen phosphate (Merck),
potassium dihydrogen phosphate (Merck) and ethanol (Merck) were
used as received.

2.2. Synthesis of nano-hydroxyapatite (n-HAp)

In this study, the n-HAP was synthesized through a micro-emulsion
technique [31]. A calcium chloride solution (2 mol·L−1) was prepared
in a three-necked flask, connected to nitrogen gas, and the temperature
was increased to 65 °C. Then, 100 mL of disodium hydrogen phosphate
(1.2 mol·L−1) solution was added drop by drop to the calcium chloride
solution at a rate of 2mL·min−1 while stirring vigorously. The pH of the
Scheme 1. The schematic illustration of the synthesis of ch
solution during the reaction of calcium chloride with disodium hydro-
gen phosphate decreased due to the preparation of hydrochloric acid
(see reaction (1)). Therefore, the pH was controlled at 10 ± 0.5 by the
addition of a sodium hydroxide solution (1 mol·L−1). The product
was filtered and washed several times with distilled water and dried
overnight in an oven at 60 °C. Thus, n-HAp was formed through the fol-
lowing reaction:

10CaCl2 þ 6Na2HPO4 þ 2H2O→Ca10 PO4ð Þ6 OHð Þ2 þ 12NaClþ 8HCl ð1Þ

2.3. Fabrication of copolymer grafted chitosan nanocomposite scaffolds

The chitosan-graft-poly(acrylic acid-co-acrylamide)/n-HAP nano-
composite scaffolds were synthesized using the following three steps:
(I) the preparation of acrylic acid-co-acrylamide (AA-co-AAm)/HAP co-
polymer grafted chitosan nanocomposite solution; (II) the freeze-
drying of the solution and thewashing, filtering, and dissolving of nano-
composite powder in a suitable solvent; and (III) the freeze-drying of a
molded nanocomposite solution and the preparation of scaffolds.

First, a chitosan solution (1.6%W/V)was prepared by dissolving chi-
tosan powder in diluted acetic acid solution (2% V/V) in a two-necked
round-bottom flask fitted with a nitrogen gas inlet in a water bath at
60 °C with continuous stirring. Second, the initiator, potassium persul-
fate (0.04 g), was added to the chitosan solution. After 15 min, acrylic
acid (0.25mL), acrylamide (0.25mg) andN,N′-methylene-bis-acrylam-
ide (0.04%) were introduced into the above solution in the flask as
monomers and a crosslinker, respectively. After stirring the mixture
for 30min, the different amounts of n-HAp powder and glutaraldehyde
(25 wt%) were added to the solution, whichwas then stirred vigorously
for 3 h. Finally, the graft polymerization and crosslinking was stopped
by cooling the solution and removing the nitrogen gas flow before
reaching the gelation point. As shown in Scheme 1, the product of
Step 1 was named as the nanocomposite solution, and it was used in
the synthesis of the nanocomposite scaffolds. By employing this meth-
od, different nanocomposites with different weight ratios of chitosan/
n-HAp 100:0, 100:25, 100:50, and 100:75 were synthesized and
named S-0, S-1, S-2, and S-3, respectively.

In Step II, the prepared nanocomposite solutionwas transferred into
a freeze-dryer (FD-10, Pishtaz Engineering Co., Iran) for 48 days. The ob-
tained nanocomposite powder was dispersed in a large volume of dis-
tilled water several times to dissolve and remove the remaining
unreacted monomers, potassium persulfate, and N,N′-methylene-bis-
acrylamide. After that, the vacuum-filtered powder was dried in an
oven at 50 °C overnight. Finally, the nanocomposite powder was dis-
solved in a solution of diluted acetic acid (10%) at room temperature
with vigorous stirring overnight.

For the synthesis of the grafted nanocomposite scaffold in Step III,
the crosslinked chitosan-graft-poly(AA-co-AAm) solution containing
HAp, which was prepared in Step II was cast into an aluminum mold
and transferred to a freezer at −20 °C for 24 h. The solidified mixture
was then placed in a lyophilizer and faced three phases: (I) freezing
up to −70 °C (vacuum 6.4 mbar) for 24 h; (II) warming to −15 °C
itosan-graft-poly(AA-co-AAm)/n-HAp nanocomposite.

Pishtaz.co
Highlight

Pishtaz.co
Highlight
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(vacuum 1.4 mbar) for 8 h; and (III) exposure to 30 °C (vacuum
0.98 mbar) in the main drying phase for 2 days.

2.4. Characterization of the raw materials and nanocomposite scaffolds

The major phases of chitosan, the prepared n-HAP, and the compo-
nents of the scaffolds were analyzed using an X-ray diffractometer
(Equinox 300) using Cu-Kα radiation (1.54 Å) at a 2θ range of 10–80°
with voltage and current settings of 40 kV and 30 mA, respectively.
The size of the n-HAp was measured by dynamic light scattering
(DLS) using a Malvern Zetasizer NanoZS 3600 (Malvern Instruments
Limited, UK). The morphological study and the chemical composition
of the scaffolds were performed using scanning electron microscopy
(SEM-EDS, Tescan Vega 3 LMU with Bruker Quantax EDS, Czech
Republic). Samples were first coated with a thin layer of gold (Au) by
a sputtering apparatus. The Brunauer-Emmett-Teller (BET) specific sur-
face areas and Barrett-Joyner Halenda (BJH) pore size distribution were
evaluated by adsorption–desorption of nitrogen at liquid nitrogen tem-
perature, using series BEL SORP 18, at 77 K. The chemical structure of
chitosan powder and the prepared nanocomposite powder was evalu-
ated using a Fourier Transform Infrared (FTIR) spectroscopy (Perkin-
Elmer 400 spectrometer, Llantrisant, UK) over the range of
500–4000 cm−1. Finally, the mechanical properties of the prepared
nanocomposite scaffolds with approximately 10 mm in length and
5mm in diameterwere evaluated using a SANTAM (STM-20, Iran) com-
pression test apparatus with 0.5 mm/min. At least three specimens
were tested for each sample. The compressive strength and the elastic
modulus were the maximum point and the slope of the initial linear
portion of the stress–strain curve, respectively.

2.5. Porosity (%) measurements

A liquid displacement method was applied to determine the poros-
ity (%) of synthesized scaffolds [32]. First, a graduated cylinderwasfilled
with a known volume (called V1) of ethanol and then the dried scaffold
was immersed in ethanol. The new volume of the cylinder after immer-
sion of the scaffoldwas calledV2. Ethanolwas entered andfilled pores of
the scaffold. Second, the scaffoldwas removed from the cylinder and the
new volume of ethanol in the cylinder was recorded as V3. Finally, the
porosity (%) of the prepared scaffoldswas calculated using the following
equation:

porosity %ð Þ ¼ V1−V3

V2−V3
� 100 ð2Þ

2.6. Cell culture and cytotoxicity assay

Human gum fibroblast cells (HUGU) were established taken from
the gums of a 45-year old female in the Iranian Biological Resources
Center (IBRC). The cell were cultured in a fresh growth medium con-
taining 89% high-glucose Dulbecco's Modified Eagle's Medium
(DMEM), 2 mmol·L−1 L-glutamine (Biochrom), 10% fetal bovine
serum (FBS), and 1% penicillin (Merck). The cells were maintained in
a 5% CO2 humidified incubator at 37 °C and fed every 3 days.

The 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium-bromide
(MTT, Aldrich) assay, which was based on the extraction method, was
applied to evaluate the cytotoxic effect of the prepared scaffolds. For
this purpose, the HUGU cells were placed into a 96-well culture plate
(at a density of 5 × 103 cells in 100 μL of medium per well) in triplicate.
The plate was left undisturbed to allow cell attachment to occur. After
seeding of the fibroblast cells, they were treated with seven
different concentrations of scaffolds (S-1 and S-3) extract
(0.03–2.00 mg·mL−1) and were incubated. After different incubation
times (24, 48 and 72 h) and the aspiration of the medium, 20 μL of
MTT solution (5 mg·mL−1 of PBS) was added to each well, including
controls (cells seeded without the addition of the scaffolds extract)
and were incubated for another 4 h at 37 °C. The supernatants of wells
were then aspirated carefully and formazan precipitate was solubilized
with 200 μL of dimethyl sulfoxide (DMSO). Finally, the plate cover was
removed and the optical density values were recorded at 570 nm by
the absorbancemicroplate reader (Bio-Tek, ELx-800, USA). Cell viability
was calculated according the following equation [12]:

Viability %ð Þ ¼ ODs

ODC
� 100 ð3Þ

where ODC is the average optical density of the control group andODS is
the average optical density of each sample.

2.7. Loading and in-vitro release of celecoxib

2.7.1. Extraction of celecoxib from commercial pill
Celecoxib is an NSAID and a poorly water-soluble drug that exhibits

anti-inflammatory, analgesic, and antipyretic activities [33]. It was ex-
tracted from Celexib® 200 capsules. First, five capsules were opened
and their contents were crushed using an agate mortar and pestle to
make a fine powder. Second, the powders were transferred to a beaker
containingwater andwere stirred vigorously at room temperature. The
solution was filtered and the solids that collected above the filter paper,
which contained the water insoluble celecoxib, were dissolved in etha-
nol and stirred for 30 min. Finally, the solution was filtered and the sol-
vent of thefiltratewas stripped from the celecoxib by the evaporation of
ethanol in a water bath at 60 °C. Celecoxib with appropriate level of pu-
rity was prepared by recrystallization from the ethanol at a low
temperature.

2.7.2. Loading of celecoxib
To prepare the celecoxib-loaded nanocomposite scaffolds, the pre-

pared samples (7 mm × 5 mm with 1.4 g) were first immersed in
30 mL of ethanol and stirred for 30 min. Then, the extracted celecoxib,
which was dissolved in 70 mL of ethanol, was added to the above con-
tainer andmaintained under stirring at room temperature. The concen-
tration of the celecoxib solution in the container was 100 μg·mL−1. To
ensure complete drug loading at specific time intervals, 2mL of solution
was taken, which contained a residual amount of celecoxib and diluted
10 times, and assayed for drug content by a UV–Vis spectrometer
(T80+ UV/Vis Spectrophotometer, Beijing PG Instrument Co. Ltd.
China) at a wavelength of 254 nm. An identical volume of fresh ethanol
was added back into the container after each removal. All samples were
measured in triplicate, and a 3% variation was observed in all cases. Fi-
nally, the drug loading capacity (DL %) and encapsulation efficiency
(EE %) was calculated according to following equation:

Drug loading %ð Þ ¼ C0V0−CtVt

W
� 100 ð4Þ

Encapsulation efficiency %ð Þ ¼ C0V0−CtVt

C0V0
� 100 ð5Þ

where, C0 and Ct are the concentration of the celecoxib solution before
and after the scaffold immersion, respectively. V0 and Vt are the volume
of the celecoxib solution before and after the scaffold immersion, andW
is the weight of the scaffold (carrier).

2.7.3. In vitro release of celecoxib
Tomonitor the release of celecoxib, the drug-loaded nanocomposite

scaffolds were suspended in PBS (pH 7.4) and stirred continuously at
37 °C. The PBS solution was prepared by dissolving sodium chloride
(4.0 g), potassium chloride (0.1 g), disodium hydrogen phosphate
(0.72 g) and potassium dihydrogen phosphate (0.12 g) in 400 mL of
water. The pH was then adjusted to 7.4 using hydrochloric acid
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(0.1 mol·L−1), and the total volume reached 500 mL by the addition of
extra bi-distilled water.

The amount of the released celecoxib was determined by studying
the aliquots of the release medium at predetermined time intervals.
The same volume of fresh solution was added to the container to keep
the volume of the solution constant (250 mL). The amount of celecoxib
released at each time point was determined by a UV–Vis spectrometer,
as described above. The cumulative celecoxib release was calculated
using the following equation:

Cumulative drug relaese %ð Þ ¼ CrVr

C0V0−CtVt
� 100 ð6Þ

where Cr and Vr are the concentration and volume of the solution after
release of celecoxib. In addition, C0V0 − CtVt is the weight of the loaded
celecoxib in the scaffold.

2.7.4. Kinetic of celecoxib release
To investigate the mechanism of drug release and to determine the

release efficiency, five kinetic models were studied: zero-order, first-
order, Higuchi, Ritger-Peppas, andKopcha. Zero order describes systems
inwhich the drug release rate is independent of the concentration of the
loaded drugs (Fickian), whereas the first order model is for systems
with concentration-dependent release rates (non-Fickian). Ritger-
Peppas developed an empirical equation to analyze both the Fickian
and the non-Fickian release of drugs [34]. Higuchi is a classical model
Fig. 1. (A) FTIR spectrum of chitosan powder and (B) X-ray diffractograms. The inserts show th
(D) size distribution of the synthesized nano-HAp powder. The inserts show chemical structur
to study the release of a drug incorporated in an insoluble polymeric
matrix. Throughout the study, theKopchamodel proved that the release
process was dominated by diffusion or erosion. These models are given
in the following equations:

Qt ¼ Q0 þ K0t ð7Þ

Log Q0−Qtð Þ ¼ K1t
2:303

ð8Þ

Qt ¼ KHt1=2 ð9Þ

Qt

Q∞
¼ KPtn ð10Þ

Qt

t
¼ A

t1=2
þ B ð11Þ

In these equations, t is the time, Q0 is the initial concentration of drug
and Qt is the amount of drug released at time t. Qt/Q∞ is the fraction of
drug release at time t. k is the release rate constant. In the Kopcha equa-
tion, A and B are the relative contributions of diffusion and erosion,
respectively.
e chemical structure of chitosan powder and the SEM image. (C) X-ray diffractograms and
e and the SEM image of the synthesized nano-HAp powder.
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3. Results and discussion

3.1. Characterization of the raw materials

The FTIR spectrum of chitosan is shown in Fig. 1A. The most typical
absorption bands of chitosan situated at 1597 cm−1 related to the
amine in the deacetylated rings of chitosan and at 1655 cm−1, they cor-
respond to the amide I bands in the acetylated rings of chitosan [35]. The
C\\H and O\\H bending vibrations in the chitosan spectrum were ob-
served between 1300 cm−1 and 1400 cm−1 with a sharp peak at
1383 cm−1 attributed to the O\\H bending vibration. Furthermore,
the two intensive peaks at 1159 cm−1 and 1082 cm−1 correspond to
the anti-symmetric stretching of the C\\O\\C bridge and the skeletal vi-
brations involving the C\\O stretching, respectively. The peaks are gen-
erally regarded as the finger print peaks for the saccharide structure of
chitosan [36]. Moreover, the peaks assigned to the C\\O stretching vi-
brations of the chitosan rings were located in the 1000–1300 cm−1

region.
The XRD spectrum for chitosan is presented in Fig. 1B. The X-ray pat-

tern of chitosan revealed two characteristic broaddiffraction peaks at 2θ
of 10° and 20°,which are typicalfingerprints of semicrystalline chitosan.
It is obvious that chitosan is a crystal polymer to some degree, which
suggests the formation of inter- and intra-molecular hydrogen bonds
in the presence of free amino groups in chitosan [37]. In addition, the
morphology of chitosan was examined using SEM (the insert in
Fig. 1B). The figure shows that the chitosan exhibited a smooth surface
with severalwhite spots visible on the image,which are probably due to
impurities and dust particles.

A typical XRD profile of HAp nanoparticles is shown in Fig. 1C. The
XRD phase analysis was in good agreement with the reported result
by Zanotto et al. [38]. According to their findings, the XRD pattern of
HAp could be described by a hexagonal HAp phase. For example, the ex-
istence of 2θ peaks at approximately 23.2°, 26°, 29.3°, 32.2°, 46.6°, and
Fig. 2. (A) FTIR spectra and (B) X-ray diffractogra
49.4° correspond to the diffraction planes (211), (002), (210), (300),
(222) and (213) of the HAp crystallites, respectively. These data con-
firmed the major phase as HAp particles. DLS measurement (Fig. 1D)
showed the nanometer-scale dimensions of the particles, with a bimod-
al size distribution centered approximately at 150 nm and 230 nm, and
mean volumes of 22% and 6%, respectively. The SEM observations of n-
HAp (insert in Fig. 1D) confirmed the results of the DLS analysis.
Spherical-shaped particles with clumped distributions were visible
from the SEM analysis. These figures show the addition of polydisperse
and heterogeneous mixtures of n-HAp addition to the spherical mor-
phology. The mean diameters varied from approximately 20 nm to
250 nm.

3.2. Characterization of the copolymer grafted chitosan nanocomposite
scaffolds

3.2.1. Fourier transform infrared (FTIR) analysis
FTIR spectral analyses were performed to confirm the grafting of

AA-co-AAm onto chitosan and the presence of HAp in the structure
of the nanocomposite scaffolds. The most typical absorption bands
of chitosan appeared at 1597 cm−1 and 1605 cm−1, which are exten-
sively explained in Section 3.1 had a minor shift and obtained at
1605 cm−1 and 1658 cm−1 in the spectra of all samples. The modifi-
cations that took place during the grafting of AA-co-AAm to chitosan
can be confirmed by the presence of the aforementioned intensive
peaks and can be attributed to the overlapping of amine and amide
vibration peaks of chitosan with the vibration of the C_O (in acryl-
amide and acrylic acid) and N\\H bonds (in acrylamide). The inten-
sity of these bands decreased in the spectra of S-0 to S-3, which
indicated that the functional groups of the monomers and the
N\\H groups of chitosan took part in the bonding with n-HAp. In ad-
dition, the peak at 1406 cm−1 in the nanocomposite scaffolds spec-
tra, especially the S-0 sample, related to C\\N stretching can
ms of the prepared nanocomposite scaffolds.



Fig. 3. The SEM images of the nanocomposite scaffolds. The solid (red) arrows in the high magnification SEM image for S-2 sample indicate copolymer grafted to chitosan and dashed
(green) arrows indicate HAp nano-particles. EDS point analysis for elemental composition of the prepared nanocomposite scaffold (S-2). (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)

Table 1
Mechanical properties of the synthesized copolymer grafted nanocomposite scaffolds and
human bone.

Sample Compressive strength (MPa) Elastic modulus (GPa)

S-0 0.13 ± 0.5 0.01 + 0.3
S-1 2.15 ± 0.2 0.33 ± 0.1
S-2 2.79 ± 0.2 0.41 ± 0.1
S-3 3.58 ± 0.3 0.57 ± 0.2
Trabecular bonea 5.30 0.44

a [45].

726 S. Saber-Samandari, S. Saber-Samandari / Materials Science and Engineering C 75 (2017) 721–732
support the grafting of AA-co-AAm onto chitosan [39]. The peak at
2924 cm−1 was attributed to the sp3 C\\H stretching vibration of
the chitosan backbone and poly(AA-co-AAm) grafted chitosan. As
seen in Fig. 2A, the broad absorption peak between 3000 cm−1 and
3700 cm−1 was assigned to the stretching vibration of the hydroxyl
groups of chitosan, HAp and/or the presence of water, which over-
lapped with the\\NH2 stretching vibration peak of chitosan. The in-
tensity of the mentioned peak increased and became sharper after
increasing the amount of HAp from S-0 to S-3. The absorption
bands of HAp were located at 1029 cm−1, 1092 cm−1, and
961 cm−1, corresponding to symmetric and asymmetric stretching



Table 2
Pore size and porosity of the synthesized copolymer grafted nanocomposite scaffolds.

Sample Pore sizea (μm) Porosityb

(%)
Surface areac

(m2·g−1)
Pore sized (nm)

S-0 122 ± 4 21 ± 0.4 – –
S-1 108 ± 3 54 ± 0.9 10.8 148
S-2 96 ± 5 61 ± 0.1 – –
S-3 75 ± 5 72 ± 0.5 55.1 47

Obtained from
a ImageJ software.
b Liquid displacement method.
c BET analysis.
d BJH analysis.
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modes of PO4
3− in HAp, respectively. Finally, regarding the spectrum

of chitosan-graft-poly(AA-co-AAm) (S-0) and the nanocomposite
scaffolds (S-1 to S-3), the intensity of the absorption bands at 602
and 566 cm−1 was attributed to the symmetric stretching and
bending modes of the O\\P\\O bonds of the phosphate groups in
HApwere improved by increasing the HAp contents in the nanocom-
posite scaffolds (from S-1 to S-3). These results confirmed the syn-
thesis of chitosan-graft-poly(AA-co-AAm)/n-HAp nanocomposite
scaffolds.
Fig. 4.MTT assay of HUGU cells for the scaffolds (S-1 and S-3) extracts (0.03–2.0 mg·mL−1) in
3.2.2. X-ray diffraction (XRD) analysis
Fig. 2B shows the X-ray diffractograms of the synthesized nanocom-

posite scaffolds. According to the XRD pattern of chitosan (Fig. 1B) com-
pared to the nanocomposite scaffolds (Fig. 2B) especially S-0 sample,
the first peak at 2θ of 10° disappeared and the second peak at 20° ap-
peared less intense in all the prepared nanocomposite scaffolds. This re-
duction in crystallinity could be attributed to the formation of bonds
between monomers AA-co-AAm and chitosan during grafting process.
This can lead to more disordering in the crystalline region of chitosan
with a concomitant increase in the amorphous region. These supportive
results also confirmed the grafting of poly(AA-co-AAm) onto chitosan
through the synthesis of the nanocomposite scaffolds. In addition, for
all samples of S-1 to S-3, peaks at approximately 23°, 26°, 29°, 32°,
46°, and 49°were observed and are related to the HAp crystallites.
These peaks are in good accordance with the peaks observed in
Fig. 1C,which confirmed the presence of n-HAp in the scaffold structure.
According to that, it was obvious that the intensity of the mentioned
peaks was increased by increasing the amount of n-HAp. In addition,
the intensity of the peak at 2θ = 20°, which was assigned to the (100)
reflection of orthorhombic (form II) crystal of chitosan, was decreased
by increasing the amount of n-HAp (samples S-1 to S-3) due to the
strong ionic interactions between n-HAp and chitosan. This result is
consistent with the previous observations obtained from the FTIR
terms of optical density values and the normalized cell viability (%) after 24, 48, and 72 h.
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analysis and the scheme of synthesis procedure of the nanocomposite
scaffold.

3.2.3. Scanning electron microscopy (SEM) analysis
Fig. 3 shows themicrostructures of the nanocomposite scaffold com-

ponents, which contains several irregular pores connected to each other
with the walls of chitosan-graft-poly(acrylic acid-co-acrylamide)/HAp
nanocomposites. In addition, the spherical particles of n-HAp
(b200 nm) in the high magnification SEM image of samples S-2 have
been shown (green arrows).

The EDS of the S-2 nanocomposite scaffold in Fig. 3 displays themain
signals for AA (i.e., carbon, and oxygen), n-HAp (i.e., calcium, phospho-
rus, and oxygen) and AAm and chitosan (i.e., carbon, oxygen and nitro-
gen). By selecting the randomplace in thewall of pores and according to
the EDS spectrum, it can be concluded that the mentioned elements of
applied materials over the entire nanocomposites homogeneously dis-
tributed within the scaffolds.

3.2.4. Mechanical properties of the prepared scaffolds
The elastic modulus and compressive strength of the prepared scaf-

folds are listed in Table 1. As shown in Table 1, the mechanical proper-
ties of the prepared scaffolds are particularly satisfactory and the
obtained mechanical values are in the range reported for trabecular
bone (i.e., 2–6 MPa compressive strength and 0.1–0.3 GPa an elastic
Fig. 5. Optical images of the cell morphology in the presence o
modulus), which has 75–85% porosity with pores 300–600 μm in diam-
eter [40]. In addition, the table shows that the compressive strength
(from 0.13 ± 0.5 to 3.58 ± 0.3) and the elastic modulus (from 0.01 ±
0.3 to 0.57±0.2) of nanocomposite scaffoldswere improved in samples
S-0 to S-3 due to the increasing the HAp amount in the structure of the
scaffolds. This can be attributed to the high crystallinity of HAp [41] and
higher elastic modulus of theHAp (i.e., 18± 5GPa [42]) comparedwith
polyacrylamide (i.e., 30 ± 10 KPa [43]), and chitosan (i.e., 17.99 ±
0.11 MPa [44]). Therefore, it is expected that sample S-3 with the
highest amounts of n-HAp would have the best mechanical properties.

3.2.5. Porosity of the prepared scaffolds
Porosity measurements were done with ethanol by the liquid dis-

placement method. Ethanol did not cause a change in pore size, there-
fore used as displacement medium. The results are presented in
Table 2. The amounts of HAp nanoparticles directly affect the porosity
and average pore size of the scaffolds. Mancini et al. reported that
there is a direct relationship between the porosity and the phase of
the HAp sample [46]. In fact, porosity increases as the crystallinity in-
creases [47]. Table 2 shows that the porosity increased (from 21 to
72%) by increasing the HAp nanoparticle amounts from S-0 to S-3; con-
sequently, the average pore size decreased from 122 μm to 75 μmdue to
the increase in crystallinity of the prepared grafted polymer nanocom-
posite scaffolds. In addition, the scaffolds should have enough space
f the scaffolds (S-1 and S-3) extract after 24, 48, and 72 h.



Fig. 6. (A) The schematic illustration for the loading of celecoxib on the prepared
nanocomposite and (B) The effect of time on the cumulative drug release (%) from the
nanocomposite scaffolds.
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for seeding cells, the entering of nutrients, blood vessels and growth fac-
tors and exiting of waste size of The pores should be at least a few times
bigger than the cell size. Scaffolds with pores in the range of 50–400 μm
can promote osteoblast cell growth and proliferation [48]. The results
indicated that the presence of HAp nanoparticles caused rougher pore
walls and open interconnected pores, whichwere, respectively, suitable
for cell adhesion and promoted native tissue in growth and fluid
exchange.

3.3. Brunauer-Emmett-Teller (BET) and Barrett-Joyner Halenda (BJH)
analysis

The total surface area and pore size distribution of the prepared scaf-
folds' (S-1 and S-3) were verified by BET and BJH analysis. The results
presented in Table 2, revealed that all the scaffolds contained numerous
mesopores; however, the BET surface area for S-3 sample was
55.1 m2·g−1, which was much higher than the corresponding value
Table 3
The encapsulation efficiency and kinetic parameters for release of celecoxib from nanocompos

Samples LC (%) EE (%) Zero order First order Hi

K0 R2 K1 R2 KH

S-0 46.5 65.2 5.64 0.5784 −0.093 0.5419 22
S-1 52.0 72.8 2.17 0.5761 −0.054 0.5147 14
S-2 57.5 80.5 2.35 0.7663 −0.074 0.6984 12
S-3 63.2 88.6 1.92 0.8033 −0.076 0.7574 9.8
for S-1 scaffolds (10.8 m2·g−1). BET analysis of adsorption-desorption
isotherms, in the presence of a sharp adsorption step in the P/P0 region
from 0.9 to 1.00, indicated that the materials processed a well-defined
and regular array of mesoporous. Furthermore, the N2 absorption iso-
therm of samples is a type IV isotherm with a typical H2 hysteresis
loop according to then IUPAC classification. Furthermore, the pore-size
distribution calculated by the BJH method revealed that the size of
mesopores for S-3 scaffold was 47 nm, while that for S-1 sample was
148 nm. This difference in the mesopore size distribution that has
been reported is due to the amounts of n-HAp and its interaction
chitosan-graft-poly(AA-co-AAm) polymer, which leads to the reduction
in the mesopores size.

3.4. Cytotoxicity evaluation of the nanocomposite scaffolds

To apply the prepared scaffolds as a bone implant and carrier of
drugs generally for biological applications, it is necessary to consider
their cytocompatibility through in vitro assays. The biomaterial cytotox-
icity can emanate from the originalmaterial itself aswell as from the by-
products that may leach out from the material [49]. The cytotoxicity of
the prepared scaffolds' (S-1 and S-3) extracts was examined by deter-
mining the viability of HUGU cells in comparison with the control. As
shown in Fig. 4, scaffolds' extracts (up to 2mg·mL−1) have good cell vi-
ability. The cell viability for both samples' extracts is significantly higher
than that of control samples after 72 h culturing, which refers to a
higher proliferation rate. In addition, the optical imaging of theHUGUfi-
broblastic cells in Fig. 5, which shows that the cells are densely arranged
and seem to be piled up on each other, confirmed the results of theMTT
assay. It can be concluded that the prepared cytocompatible and non-
toxic scaffolds with a high proliferation rate can potentially be used in
biomedical applications.

3.5. Drug delivery of the prepared scaffolds

3.5.1. In vitro load of celecoxib
Loading capacity and encapsulation efficiency are critical character-

istics for evaluating the capacity of a selected carrier to entrap and carry
a selected drug. As seen in Fig. 6, celecoxib as a drug was successfully
loaded into the prepared nanocomposite scaffolds by ionic interactions.
In this study, the synthesized carrier included different functional
groups,\\COOH (\\COO−),\\CONH2 (\\O−\\C_N+H2) and\\OH
(\\O−), which can undergo hydrogen and ionic bondingwith celecoxib.
In addition, the presence of HAp in the structure of the prepared nano-
composite scaffolds as a physical crosslinker, containing ionic groups
such as PO4

3− and OH−, increases the possibility of electrostatic interac-
tion with positively charged celecoxib. Thus, the loading of the drug is
expected to increase considerably with an increase in the amount of
HAp in the nanocomposite scaffold structure (S-0 to S-3). The results
of the LC percentage and EE percentage (shown in Table 3), confirmed
the above hypothesis. The maximum LC (63.2%) and EE (97.6%)
belonged to the S-3 sample, which had the highest amount of HAp.

3.5.2. In vitro release of celecoxib
The cumulative release of celecoxib from the synthesized nanocom-

posite scaffolds is shown in Fig. 6. The experimental results of the UV–
Vis spectroscopy revealed that the S-0 sample released the maximum
ite scaffolds.

guchi Ritger-Peppas Kopcha

R2 n KR R2 A B R2

.88 0.7236 0.2566 31.88 0.7902 43.8 0.06 0.9586

.07 0.6794 0.2930 21.87 0.8650 23.7 0.75 0.9802

.41 0.9027 0.3636 16.63 0.9408 17.8 1.26 0.9821
18 0.9311 0.3667 13.02 0.9849 14.4 0.20 0.9955
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amount of celecoxib (95.2%), with an extremely high release rate com-
pared to the others during the first 4 days. This initial burst release was
attributed to the rapid desorption of drug from the surface of the scaf-
folds. The amount of released drug gradually decreasedwith a relatively
steady release rate until day 14. In addition, with an increase in the
amount of HAp, a decrease in the release percentagewas observed. Fur-
thermore, the results indicated that 80.3% and 69.5% of the loaded
celecoxibwas released by the S-1 and S-2 samples after 14 days, respec-
tively. The S-3 sample, with the highest amount of HAp and conse-
quently the highest encapsulation efficiency (88.6%), was able to
maintain 48.2% of the loaded celecoxib amount, whereas almost all of
the celecoxib was released from the S-0 sample.

The calculated amounts of drug released from the nanocomposite
scaffold in the PBS solution at 37 °Cwere dependent on the composition
and the morphology of the scaffold. For example, the ionic interaction
and hydrogen bonds between HAp and celecoxib in samples containing
different amounts of HAp acted as barriers against the release of the
entrapped drug from the nanocomposite scaffolds. In addition, the size
of the pores was decreased by increasing the HAp amounts in the com-
position of S-0 to S-3, which could cause a reduction in drug release.

3.5.3. Kinetic modeling of celecoxib release
The release of the drug from these scaffolds includes: (I) diffusion

through the scaffold polymeric matrix; (II) desorption of the surface
bound/adsorbed drug; (III) scaffold polymeric matrix erosion; and
(IV) a combined erosion/diffusion process [50]. In this survey,five kinet-
ic models (i.e.: zero order, first order, Higuchi, Ritger-Peppas and
Fig. 7. The kinetics of celecoxib release from the prepared nanocomposite s
Kopcha) were applied, and the experimental drug release data were
treated with various kinetic models to find the best fit. The plots of the
kinetic models for all samples are shown in Fig. 7, and their parameters,
calculated using Eqs. (7)–(11), are given in Table 3. According to Fig. 7
and Table 3, the calculated values of the celecoxib release amount
using the Higuchi (Eq. (9)), Ritger-Peppas (Eq. (10)), and Kopcha
(Eq. (11)) models especially for samples S-2 and S-3 are in agreement
with the experimental cumulative release values in which they have a
good correlation coefficient (R2). In the Ritger-Peppasmodel, themech-
anisms of drug release are characterizedusing the release exponent (“n”
value) which indicate the mechanism of drug release from cylindrical
carriers to be Fickian (n ≤ 0.43), non-Fickian release or anomalous
(0.43 b n b 0.85), and for case II transport, n = 0.85 [34]. Based on the
data in Table 3, the value of n for all the samples is b0.43, indicating
that drug releasewas controlled only by Fickian diffusion. In Fickian dif-
fusion, the rate of release is independent of the drug concentration in
the carrier. In addition, the Kopcha equationwas used to better indicate
the releasemechanism and to quantify the relative contributions of dif-
fusion (A) and erosion (B) during drug release [51]. The data in Table 3
show that the diffusion coefficientA is far greater than B, suggesting that
the drug release from the prepared nanocomposite scaffoldswasmainly
controlled by a diffusion process. Drug release by diffusion involves
three steps. First, the water penetrates into the polymeric system of
scaffolds. Second, the conversion of a glassy polymer is converted into
a rubberymatrix. Third, the drug from the swollen rubberymatrix is dif-
fused. In addition, the kinetic constants (KR) were lower when the n-
HAp concentration increased (see Table 3), which indicated that the
caffolds by zero order, first order, Higuchi, Ritger-Peppas and Kopcha.
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diffusion rate decreased when the n-HAp quantity increased due to the
interaction of n-HAp with celecoxib. This issue confirmed our findings
concerning the effect of n-HAp on the celecoxib release from scaffolds.

4. Conclusions

In this study, chitosan-graft-poly(AA-co-AAm)/HAp nanocomposite
scaffolds were synthesized through a novel multi-step route as a bone
implant and a drug carrier. The prepared scaffolds were characterized
using FTIR, XRD, SEM and EDX. The presence of grafted copolymer and
n-HAp in the structure of the scaffolds was confirmed. We found that
mechanical strength of the scaffolds can be improved by either increas-
ing the HAp nanoparticles amounts or reducing pore size of the scaf-
folds. The cytotoxicity of the prepared scaffolds' extracts was
examined by determining the viability of HUGU cells using MTT assays.
The results of the cell culture experiments demonstrated that the pre-
pared scaffolds have good cytocompatibility without any cytotoxicity.
We also found that increasing amount of the HAp nanoparticles im-
proves cell viability and proliferation on the scaffolds. The presence of
the HAp nanoparticles affected the celecoxib (selected model drug)
loading and the encapsulation efficiency of the prepared scaffolds. The
celecoxib release followed the Higuchi, Ritger-Peppas, and Kopcha ki-
netic models. Results from the Kopcha models revealed that the release
of celecoxib from the prepared nanocomposite scaffolds was mainly
controlled by a diffusion process. Thus, these initial studies indicated
that the prepared biocompatible nanocomposite scaffolds can be used
to in-vivo studies for further assessment in bone tissue engineering.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.msec.2017.02.112.
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