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Abstract

A biocompatible hybrid film has been fabricated using alginate (Alg), a-tricalcium phosphate (c-
TCP) microparticle and calcium chloride through ionic crosslinking as a biomaterial. The ‘screeding
method’ (like a concrete finishing process) has been employed to develop the Alg-a-TCP film. For this
method, the Alg/«-TCP blend has been prepared using an ultra-sonicator and then put on a glass
slide. After that, the excess volume of blend has been cut off by skidding another slide along with the
surface of the blend to achieve proper grade and flatness. The mechanical strength and flexibility of the
film (Alg--TCP) has been controlled by changing its compositions. The crosslinking phenomenon
has been confirmed by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-
FTIR), ">C nuclear magnetic resonance (NMR), x-ray diffraction and thermogravimetric analyses.
The ATR-FTIR and >C NMR analysis results suggest that carboxylate groups of the alginate are
ionically cross-linked with Ca*" ions, while the a-TCP particles reside in the network by physical
interaction. The micro-fatigue test results imply high tensile strength (up to 257 MPa) and flexibility
(up to 13% elongation) of the Alg-a-TCP hybrid films. The SEM analysis suggests the o.-TCP particles
are homogeneously distributed on the surface of Alg-a-TCP films, whereas cross-sectional images
confirmed the presence of a-TCP in the cross-linked network. TGA results demonstrated that thermal
stability of the hybrid film was enhanced due to ionic crosslinking and interfacial interaction between
alginate and a-TCP. The incorporation of a-TCP particles diminished the swelling ratio of the hybrid
film. The in vitro bone cell (MC3T3) culture and cytotoxicity tests showed that the hybrid film is
biocompatible. The hybrid film releases bovine serum albumin and dimethyloxaloylglycine in a
controlled way at pH 7 and 7.4, and 37 °C. Overall, the biocompatible Alg-c-TCP hybrid film with
excellent mechanical strength and flexibility could be applied as an interfacial film in tissue
engineering.

1. Introduction depth of damage, cartilage defects are of three types:

partial-thickness defects, full-thickness defects and

For the past few years, interfacial tissue engineering
gained noteworthy attention for repairing interface
tissue defects. The regeneration of articular cartilage is
always challenging since it has limited regenerative
ability because of the absence of blood vessels,
lymphatic vessels or neural tubes [1-3]. Based on the

osteochondral defects [1]. Osteochondral interface
defects include injuries of both articular cartilage and
underlying subchondral bone that are caused by
trauma, disease, or aging [4, 5]. Fundamentally,
osteochondral defects affect to the entire section of
subchondral bone [1]. The subchondral bone shows a
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vital role in providing support for the overlying
articular cartilage [1]. Osteochondral defects without
treatment may lead to progressive deterioration of
cartilage, leading to osteoarthritis and finally, disabil-
ities [1, 4, 5]. Consequently, it is essential to repair
osteochondral defects to prevent osteoarthritis or
disability.

The osteochondral interface is the border area of
cartilage and subchondral bone. Different zones of
cartilage (superficial, middle, deep, and calcified) con-
sist of cells and extracellular matrix molecules
(collagen) and exposed different amounts of stiffness
[2]. The compressive modulus of subchondral
bone (5.7GPa) is higher than that of cartilage
(0.079-320 MPa) [2]. The different compositions and
mechanical strengths of bone and cartilage specify the
intricacy of this tissue interface, creating interest for
the development of tissue engineering materials [2].
Interfacial tissue engineering is an effective method to
address the complexity of cartilage defects. Inciden-
tally, the main criteria of the fabrication of biomimetic
substances will be maintenance of similar biological
and mechanical properties as observed in the native
interface. In this aspect, biphasic scaffolds are superior
to repair osteochondral defects because of the fabrica-
tion of adjusted microenvironments in different layers
by altering the chemical, structural, and mechanical
properties [1]. One phase was designed to repair carti-
lage tissue, and the other was intended to repair bone
tissue. Furthermore, interface tissue engineering
desires biocompatible and biodegradable porous sub-
stances for cell adhesion, proliferation and cell growth
[2]. Numerous biomaterials and their derivatives such
as alginate [6-9], chitosan [10-12], agarose [13, 14],
hyaluronic acid [15, 16], gellan gum [17, 18], gelatin
[12,19,20], collagen [20, 21], and fibroin [15, 22] were
studied for reformation of deficient osteochondral
interface or articular cartilage tissue because of their
inherent biocompatibility, non-toxicity and biode-
gradability. Although natural materials can enhance
biological interaction with host tissues, the low
mechanical strength and instability of the materials
compared to native cartilage sometimes create diffi-
culties for its clinical applications [23]. On the other
hand, bioactive ceramics such as hydroxyapatite, cal-
cium phosphates, and silicate bioactive glasses are
being extensively employed in bone tissue engineering
because of their excellent osteoconductive/osteoin-
ductive capabilities [2]. Consequently, osteochondral
tissue engineering needs a single compound with
a unique composition, association and adequate
mechanical strength. Various alginate and calcium
phosphate based hybrid scaffolds were developed for
that purpose, such as alginate and «a/f-tricalcium
phosphate (TCP) based scaffolds which were designed
for tissue engineering by 3D printer [24], a calcium
phosphate cement—alginate porous scaffold that was
fabricated for bovine serum albumin (BSA) and lyso-
zyme delivery and bone tissue engineering [25], a
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fibrous scaffold of calcium phosphate cement—algi-
nate that was used for bone marrow stromal cell
responses [26], core—shell type scaffolds of alginate/a-
tricalcium phosphate that was designed for cyto-
chrome C protein delivery [27], and fabrication of
core—shell fibrous scaffold that was carried out using
cobalt chloride and calcium chloride for synergetic
bone regeneration [28]. However, development of
alginate/-TCP particle-based hybrid film with high
mechanical strength and flexibility using the screeding
method for the application of interfacial osteochon-
dral defects is still not reported.

In the present study, a hybrid film (Alg-a-TCP)
has been fabricated using alginate (Alg) as a biopoly-
mer and «-TCP as a ceramic through ionic cross-
linking by calcium chloride. Compared to other
reported Alg/a-TCP scaffolds, here a novel pathway,
namely the ‘screeding method’ (like a concrete finish-
ing process) has been applied to get better orientation
of a-TCP micro-particles in the alginate matrix and to
achieve flatness in film. The Alg/a-TCP blend has
been prepared by ultra-sonicator for the homo-
geneous distribution of the a-TCP particles so that the
film can achieve sufficient stability and adequate
mechanical properties. The fabricated Alg-a-TCP film
showed good thermal stability. It also demonstrated
high tensile strength (up to 257 MPa) and flexibility
(up to 13% elongation). The in vitro bone cell
(MC3T3) culture and cytotoxicity tests showed that
the hybrid film is biocompatible. The hybrid film
releases BSA and dimethyloxaloylglycine (DMOG) in
a controlled way at pH 7 and 7.4, and 37 °C. Finally,
the Alg-a-TCP biocompatible film with high mechan-
ical strength and flexibility could ideally promote the
specific growth of both cartilage and subchondral
bone by acting as an interfacial film in osteochondral
defects.

2. Experimental

2.1. Chemicals

Alginic acid sodium salt (Alg, medium viscosity),
calcium chloride (CaCly), calcium hydrogen phos-
phate dihydrate, BSA, and tetracycline (TCN) were
purchased from Sigma Aldrich (USA). Double distilled
water (DW) was employed for experimental purposes.

2.2. Synthesis

2.2.1. Synthesis of a- TCP by ball milling machine

The a-TCP micro-particles were synthesized by
following the protocol reported by Woo et al [29]. In
brief, calcium hydrogen phosphate dihydrate (68.84 g)
was mixed with calcium carbonate (20.02 g) in a molar
ratio of 2:1 and then 100 ml ethanol was added. The
mixture was placed into a 500 ml alumina pot contain-
ing 100 g of zirconia particles of 5mm diameter.
Afterwards, the mixture was mixed with a ball
milling machine (model: SBML-2, SciLab Korea Co.,

2



10P Publishing

Biomed. Mater. 13 (2018) 025008 D Dasetal

Alginate F_F o-TCP <
(6%) | | Ultrasonication {
5-10 min \ )
),
Blend of sodium
alginate/a-TCP

Placed on glass slide
by screeding process
Dipped in
CacCl, solution

lonic crosslinking

Blend in 0.1 (M) CaCl, solution in

petri dish
l 30 min
>
Alg-a-TCP hybrid film
(wet state)

Washing with
distilled water

Vacuum oven, 48 h

Figure 1. Schematic representation for the fabrication procedure of Alg—a-TCP hybrid film.

Blend in glass slide

Alg-a-TCP hybrid film (dry state)

Ltd, Korea) at 150 rpm for 24 h. Then, the zirconia
particles were retrieved using a sieve (diameter of
pore = 425 um; Daehan Science, Korea). After that,
the mixture of dicalcium phosphate and calcium
carbonate was transferred to an aluminium tray and
kept in heating oven at 70 °C for 24h to remove
ethanol. Then, the alumina pot containing the powder
was heated up in an electrical furnace (model: MHS-
160526-01, MiR furnace, Korea) at 1300 °C for 16 h
using Segment-1 program (escalating of heating for
2 h and heating for 16 h and cooling by power off).
After cooling, clusters of a-TCP particles were
obtained. The a-TCP clumps were transferred into an
engineering plastic pot containing a mixture of two
kinds of zirconia particles (d = 20 mm, 300 g and
d = 4 mm, 100 g) and 300 ml ethanol. The plastic pot
was loaded in the ball milling machine and rotated at
room temperature for 24 h. Finally, the dried a-TCP
particles were collected by removing the ethanol at
70 °C in the heating oven. The dried a-TCP particles
were characterized by Fourier transform infrared
spectroscopy (FTIR), scanning electron microscopy
(SEM), and x-ray diffraction (XRD) analyses and used
for film fabrication.

2.2.2. Fabrication of hybrid film using alginate and o-
TCP micro-particles through the screeding method

A hybrid film was prepared using alginate as biopoly-
mer and a-TCP micro-particles as ceramics by ionic
crosslinking. Briefly, sodium alginate (6 w/v %, 0.3 g)
and required amounts of a-TCP (0.03, 0.15 and 3.0 g)
were mixed in a 25 ml glass vial (figure 1).

After that, 5ml double DW was added into the
glass vial and a homogeneous blend was made using an
ultra-sonicator (Sonics, Vibra Cell, South Korea) for
10 min. The film processing was performed by the

‘screeding method’ like a concrete finishing process.
The prepared homogeneous blend was first placed on
a glass slide (7.5 x 2.5 cm?). Then, the excess volume
of blend was cut off through skidding another glass
slide along with the surface of the blend to achieve
proper grade and flatness. The screeding rate was
7.4 £+ 0.5cm”s ™. Afterwards, the blend-loaded slide
was immersed into 0.1 (M) CaCl, solution for 30 min
for ionic crosslinking. The wet film (Alg-o-TCP) was
washed three times with 100 ml DW. Finally, the film
was dried in a vacuum oven at 40 °C for 48 h, until the
steady weight was achieved.

For the Alg-a-TCP hybrid film, it is assumed that
in presence of CaCl, the carboxylate groups of algi-
nate moiety cross-linked with Ca®" ions. It is reported
that alginate and divalent cations formed an egg-box
like structure through ionic crosslinking [30-33]. The
ultra-sonication process was used for the homo-
geneous distribution of the a-TCP micro-particles
throughout the alginate network. Whereas, in contact
with cross-linker (Ca*™"), alginate moieties linked with
each other by cooperative mechanism [30]. Like an
egg-box, cations (Ca> ") can coordinate alginate chains
by ionic interaction and form interconnected layers
around the egg-box (scheme 1).

After ionic crosslinking, the network will squeeze
its structure, where «-TCP micro-particles can
orderly situated. Hence, the interfacial interaction
between o-TCP micro-particles and alginate will be
stronger, which may enhance the mechanical proper-
ties of the hybrid films. The ionic interaction between
alginate and Ca" ions along with the probable inter-
action between a-TCP and alginate were examined by
different chemical analyses and detailed explanation is
described in section 3.
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Scheme 1. Probable mechanism for the formation of the Alg-a-TCP hybrid film through ionic crosslinking.
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To observe the effect of amount of a-TCP micro-
particles on the mechanical properties of the hybrid
films, three different amounts of «-TCP (0.03 g,0.15 g
and 3.0g) were mixed in 6% alginate solution
(w/v%). The ratios (w/w) of alginate and a-TCP were
10:1, 2:1 and 1:10. The mechanical properties (tensile
strength and flexibility) were evaluated by micro-fati-
gue tester (E3000LT, INSTRON, UK).

2.3. Characterizations

The FTIR spectra of alginate (sodium salt), a-TCP,
dried Alg-o-TCP (10:1, 2:1 and 1:10) hybrid films, and
dried Alg/a-TCP (2:1) blend film without CaCl, were

recorded using an attenuated total reflectance (ATR)-
FTIR spectrometer (model: Travel IR, Smiths Detec-
tion, USA) in powder state. The wavelength range was
650-4000 cm . The solid state '°C nuclear magnetic
resonance (NMR) analyses were executed with a NMR
spectrometer (model: DD2 700, Agilent Technologies-
Korea, USA). The XRD analyses of the samples were
performed using an x-ray diffractometer (model:
Bruker DE/D8 Advance, Bruker, USA). The thermo-
gravimetric analysis (TGA) was carried out using a
thermogravimetric analyzer (model: DTG-60, Shi-
madzu, Japan) under nitrogen atmosphere and the
scan rate was 5 °C min~'. The surface morphologies
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of a-TCP, dried Alg-o-TCP hybrid films (10:1, 2:1 and
1:10), and Alg/a-TCP (2:1) blend film without CaCl,
were observed by SEM (model: SEM, TESCAN VEGA3,
Tescan Korea). The cross-sections of the dried Alg-a-
TCP hybrid films (10:1, 2:1 and 1:10) were investigated
by field emission scanning electron microscope
(FESEM, model: JSM-6700F, JEOL, Japan). The absor-
bance and % transmittance of the prepared Alg-a-TCP
hybrid films (10:1, 2:1 and 1:10) were measured by a
UV-visible (UV-vis) spectrophotometer (model: Bio-
MATE 3, Thermo Scientific, USA).

2.4. Mechanical properties

The tensile strength and % elongation at break of the
dried Alg-a-TCP hybrid films (10:1, 2:1 and 1:10)
were measured at room temperature (25 °C) and
60%—65% relative humidity using a micro-fatigue
tester (E3000LT, INSTRON, UK) followed by
the ASTM protocol. The hybrid films were cut into
strips (5 x 1cm?) and settled between the grips of
the apparatus. The distance between the grips and
gage length of the sample films were 15mm
and 20 mm, respectively. The crosshead speed was

—1
lmms .

2.5. Swelling study

The % swelling of the fabricated hybrid films were
measured gravimetrically. In brief, the pre-weighed,
dried hybrid films (4 x 2 cm?®) were immersed in 50 ml
DW at 25 °C for 24 h. After a regular time interval (1 h),
the hybrid films were taken out from DW, the surface
water was blotted off by tissue paper and then reweighed.
The experiment was carried out until the equilibrium
weights of the films were reached. The % swelling was
calculated by equation (1):

Swelling (%)
_ Final weight of the film — Initial weight of the film
B Initial weight of the film

% 100(%).
(1

2.6. Determination of opacity and light
transmittance of the hybrid films

The opacity and UV light transmittance of the Alg-a-
TCP hybrid films were evaluated by measuring absor-
bance and % transmittance by UV-vis spectrophot-
ometer [34]. Briefly, the fabricated hybrid films
(thickness 20 £ 5 pm) were cut into a rectangular shape
(2 x 1cm®). The scanning of the hybrid films was
performed with air as reference between 200-800 nm.
The opacity of the hybrid films was calculated using
equation (2):

Absorbance at 600 nm
Thickness of the hybrid film
x 100(%). ()

Opacity(%) =

D Dasetal

2.7. Invitro cytocompatibility study using MC3T3
cellline
2.7.1. Cell proliferation on the surface of Alg-o-TCP
(2:1) hybrid film
An osteoblast cell line derived from Mus musculus
(mouse) calvaria (MC3T3-E1 cell line, Sigma Aldrich)
were cultured in a 24-well plate. a-miniumum essen-
tial media (MEM) (Sigma Aldrich, USA) containing
10% fetal bovine serum (Gibco Korea, Korea) and
penicillin—streptomycin (100 unit ml~") was added to
each well and then incubated for 24 h with 5% CO, at
37 °C. Teflon, latex and Alg-a-TCP (2:1) hybrid films
(0.8 x 0.8 cm®) were sterilized by autoclave (AC-02,
Jeio Tech; Seoul, Korea). Then, 30 ul of media
containing 2 x 10° cellsml™" of MC3T3 cells were
poured on the surface of each film in a 24-well plate by
1 ml syringe. The cells containing films were incubated
for 4 h and then reverse those. Subsequently, a-MEM
was supplied to each well and changed after every 24 h.
The cells culture study was performed up to 7 days.
Live and dead assay for MC3T3 cells were carried
out according to the protocol of the vendor (Invitro-
gen, USA). Briefly, a 9:1 mixture of «-MEM and CCK-
8 solution (Dojindo Lab., Kumamoto, Japan) (9:1) was
prepared. Then, 1 ml mixture solution was added to
each well after removing the old media and incubated
for 2h. After that, the solution was transferred to
another empty plate, 1 ml of 10% FBS medium was
added to wells and incubated for 10 min. Then, 100 yul
of solution was taken into 96 wells plate and absor-
bance was measured at a wavelength of 450 nm. The
images of the live and dead cells were taken after the
addition of 1.2 ul of 2mM ethidium homodimer-1
(EthD-1) and 0.3 pl of 4 mM calcein AM into 600 ul
phosphate-buffered saline. After addition of the two
agents to each well followed by removing the media,
the plate was incubated for 30 min. The cell images
were captured by fluorescence microscope (Leica
DMLB, Germany).

2.7.2. Cell behavior in presence of the extract solution of
Alg-a-TCP (2:1) hybrid film

The extract solutions of Teflon, Latex and Alg-a-TCP
(2:1) hybrid film (0.8 x 0.8 cm®) were prepared by
immersing three films into «-MEM containing 10%
fetal bovine serum (Gibco Korea, Korea) and penicil-
lin—streptomycin (100 unit ml~") in a 24-well plate for
72 h incubation. On the other hand, 2 x 10° no. of
MC3T3 cells were seeded and cultured into a-MEM
containing 10% fetal bovine serum (Gibco Korea,
Korea) and penicillin—streptomycin (100 unit ml™")
in a 24-well plate in a 96-well plate. Then, it was
incubated in an incubator with 5% CO, atmosphere at
37 °C for 24 h. Afterwards, the media was removed
and 100 pl of each extract was added into each cell well
and cultured for another 24 h. Teflon and Latex were
used as positive and negative controls, respectively.
The live and dead cells images were captured using
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ethidium homodimer-1 (EthD-1) and calcein AM
solutions followed by same protocol as above. The cell
images were captured by fluorescence microscope
(Leica DMLB, Germany).

2.8. In vitro protein and drug release study

2.8.1. Preparation of bovine albumin serum (BSA) and
dimethyloxallyl glycine (DMOG) incorporated Alg-o-
TCP (2:1) hybrid film

BSA as a model protein and DMOG as a model
antibiotic drug (5 x 10 °mol) were incorporated
into the hybrid film by mixing BSA and DMOG
separately during blend preparation. After that, the
hybrid film was made by the screeding process and
then dried in an oven for 48 h. Afterwards, BSA and
DMOG incorporated hybrid films were cut into round
(d =10 mm and width = 25 ym) films. Each film
contained 0.5 x 10~° mol of drug and protein. These
films were employed for release experiment.

2.8.2. Invitro release study

The in vitro release study of BSA and DMOG
incorporated hybrid films were carried out at two pHs
(7.0, 7.4) and human body temperature (37 °C). The
amount of BSA, and DMOG release were measured
spectrophotometrically using UV-vis spectrophot-
ometer (BioMate 3 s, Thermo Scientific). Briefly, dried
BSA, and DMOG incorporated hybrid films were put
into 10 ml buffer solutions in the 25 ml screw Teflon
bottles (Daihan Scientific, Korea). After predefined

intervals (1, 3, 6, 24, 48, 72, 96, 120, 144 and 168 h),
solutions were taken out from the Teflon bottles and
spectra were recorded. After each measurement, the
solutions were returned back to the bottles.

3. Results and discussions

3.1. Characterization

Figure 2 represents the ATR-FTIR spectra of sodium
alginate, the dried Alg-a-TCP (10:1, 2:1 and 1:10)
hybrid films, a-TCP particle and Alg/a-TCP (2:1)
blend film without CaCl,. In the FTIR spectrum of
sodium alginate (figure 2(A-a)), the peaks at 3245,
1600, and 1405 cm ™" are due to stretching vibrations
of O-H bond and carboxylate groups (C=0, C-0),
respectively. The peaks at 1081 and 1025cm ™" are
responsible for the asymmetric and symmetric stretch-
ing vibrations of C-O bond of polysaccharide ring,
respectively. In the spectrum of a-TCP (figure 2(A-f)),
the peaks at 1113, 1009, 970 and 944 cm ' are
because of the asymmetric and symmetric stretching
vibrations of P-O bonds, respectively. From the FTIR
spectrum of the dried Alg-a-TCP (1:10, 2:1 and 1:10)
hybrid films (figure 3(A-b, ¢, e)), it is observed that the
peak intensity of carboxylate groups (1600 and
1405 cm ") decreased sharply. While, the decreasing
trends of peak value of C=0 group was also noticed.
This phenomenon indicates the ionic crosslinking
reaction between the carboxylate groups of alginate
and Ca®" ions (scheme 1). Whereas in the FTIR
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Figure 3. Solid state I3CNMR spectra of (a) sodium alginate film, the dried Alg-a-TCP hybrid films of different ratios: (b) 10:1, () 2:1,
and (d) 1:10, and (e) dried Alg/a-TCP (2:1) blend film without CaCl,.

spectrum of Alg/a-TCP (2:1) blend film (figure 2(A-
d)) without CaCl,, no difference of C=O stretching
frequency was found, which suggests that the presence
of CaCl, is responsible for ionic crosslinking in the gel
network. Besides, the progressive broadness of O—-H
stretching vibration (3245 cm™") clearly implies that
the physical interaction (H-bonding) exists between
«-TCP micro-particles and alginate.

In XRD analysis, sodium alginate (figure 2(B-a))
showed a broad peak at 20 = 13.7°, which implies the
amorphous nature of alginate. The a-TCP particles
demonstrated peaks at 26 = 10.9°, 14.2°, 15.1°, 17°,
21.9°, 22.2°, 22.7°, 24.1°, 30.7°, 31°, 31.1°, 34.5°, 35.1°
(figure 2(B-b)), which indicate crystalline state of a-TCP
[35, 36]. While, CaCl, demonstrated peaks at
20 =29.4°, 32.3° 33.3° 344° 36.5° and 38.1°
(figure 2(B-¢)), those are because of the crystalline nature
of CaCl,, In the XRD spectra of the dried Alg-a-TCP
hybrid films with and without CaCl, (figure 3(B-d—g)), it

has been observed with the increase of &-TCP amount,
the peak of alginate moiety was suppressed. This
phenomenon indicates that the amorphous nature of
alginate is diminished by the accumulation of a-TCP
particles and a physical interaction exists between algi-
nate and a-TCP. Besides, it is also obvious from the
figure 3(B-d—f) that with increase of the amount of
a-TCP, the intensity of the characteristic peaks of a-TCP
increased. This behavior confirms that the crystallinity of
a-TCP remained intact in the ionically cross-linked net-
work, which may affect the mechanical properties of the
hybrid films.

In the solid state '>C NMR spectrum, sodium algi-
nate (figure 3(a)) demonstrated four chemical shifts at
70.0,75.2,101.8 and 176.4 ppm, which are responsible
for the ring carbons of polysaccharide, anomeric car-
bon and carbonyl carbon of carboxylate group,
respectively. While in the NMR spectra of the dried
Alg-o-TCP (10:1, 2:1 and 1:10) hybrid films
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Figure 4. Surface morphologies of (a), (f) a-TCP, (b), (¢), (d) Alg-«-TCP hybrid films (b) 10:1, (c) 2:1, and (d) 1:10, () Alg/-TCP
(2:1) blend film without CaCl, analyzed by SEM, and cross-section images of the Alg-a-TCP hybrid films (h) 10:1, (i) 2:1, and (j) 1:10,
analyzed by FESEM, and (k) cross-section image of Alg/a-TCP (2:1) blend film without CaCl, analyzed by SEM.

(figures 3(b)—(d)), the intensities of the chemical shifts
for carbonyl carbons of carboxylate group decreased
and the peaks became relatively broadened, which
may be because of the ionic crosslinking between car-
boxylate ions and Ca®* ions. Furthermore, the NMR
spectrum of the dried Alg/a-TCP (2:1) blend film
without CaCl, showed a sharp chemical shift for the
carbonyl carbon of the carboxylate group at
173.9 ppm (figure 3(e)). This result confirmed that the
broadness of the chemical shift for the carbonyl car-
bon of the carboxylate group happened due to the
ionic crosslinking between carboxylate ion and Ca*"
ion.

Figure 4 describes the surface morphologies of
a-TCP, the dried Alg-o-TCP (10:1, 2:1, and 1:10)
hybrid films, and Alg/a-TCP (2:1) blend film without
CaCl,, From the figures 4(a) and (f), it is observed that
a-TCP clearly appeared as micro-level particles with
uneven shapes. The particle size ranges are between
0.5 and 8 um. After fabrication, the hybrid films
appeared with a rough surface (figures 4(b)—(e)),
where a-TCP particles are embedded into the alginate
network. In the case of the 1:10 hybrid film
(figure 4(d)), a-TCP particles agglomerated in the sur-
face of the film which increased the roughness of the
surface. The distribution of a-TCP particles was com-
paratively homogeneous in 10:1 and 2:1 film
(figures 4(b) and (c)). Owing to the incorporation of
«a-TCP particles into the cross-linked network, pene-
tration of water molecules into the film would be diffi-
cult, which may affect the swelling property of the
films. From the cross-section images (figures 4(h)-
(k)), it is observed that a-TCP particles are not only
present on the surface of the films, but also present
into the interior of the cross-linked network. The
thickness of the Alg-a-TCP films were approximately
15-20 ym. The presence of a large number of rela-
tively bigger a-TCP particles were observed on the
surface of Alg/a-TCP blend film (without CaCl,,
figure 4(e)) compared to the film with CaCl,.

In the TGA graph of sodium alginate (figure 5(a)),
three zones of weight loss are apparent. The first
weight loss zone (26 °C-100 °C) is because of the pre-
sence of moisture, the second one (186 °C-377 °C) is
due to breakdown of the alginate chain and the third
zone (550 °C-625 °C) is from the evaporation of CO,.
In the TGA plots, the Alg-a-TCP hybrid films
(figure 5(a)) demonstrated three weight loss regions.
The first zone (26 °C-100 °C) is owing to the existence
of moisture, the second zone (182 °C—407 °C) is for
the breakdown of alginate backbone and the third
zone (462 °C-525°C) is due to the evaporation of
CO,, The second zone is very crucial to determine the
thermal stability of the hybrid film [34]. It was also
observed that ~42%, 35%, 30% and 7% weight loss
occurred in the second zone for alginate and the
hybrid films (10:1, 2:1 and 1:10), respectively. For the
Alg/a-TCP (2:1) blend film without CaCl,, it was 34%
(figure 5(a)). The residual weights are found to be
20.9%, 25.9%, 44.9% and 91.4% for alginate, and the
hybrid films (10:1, 2:1 and 1:10), respectively.

The residual weight of Alg/«-TCP (2:1) blend film
without CaCl, is 40.1% (figure 5(a)). Hence, the nat-
ure of TGA curves reflect that the thermal stability of
the hybrid films is enhanced because of both the ionic
crosslinking and incorporation of a-TCP micro-par-
ticles. The Alg/a-TCP (2:1) blend film without CaCl,
showed a higher % residual weight (40.1%) compared
to alginate (20.9%). This result confirmed that the
interfacial interaction (mainly physical interaction:
H-bonding) between alginate and ceramics (a-TCP)
also affected on the thermal stability of the films and
thus weight loss was lower for Alg/a-TCP (2:1) blend
film than that of native alginate film. Because of the
thermal stability of the prepared film, it can be poten-
tially used in antibacterial and antifungal coatings,
food packaging, and biomedical devices [37].

3.2. Mechanical properties
Figure 5(b) and table 1 depict the tensile strength
and % elongation at break of the hybrid films. It has
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Figure 5. (a) TGA plots of sodium alginate, Alg-a-TCP (10:1, 2:1, and 1:10) hybrid films, and Alg/«-TCP film without CaCl,, and (b)
plot of tensile strength versus % elongation of the Alg-a-TCP (10:1, 2:1 and 1:10) hybrid films measured by micro-fatigue test (n = 2).

Table 1. Thickness, % elongation and tensile strength of the Alg-a-
TCP (10:1, 2:1 and 1:10) hybrid films (results are average
values, n = 2).

Tensile
Hybrid films Thickness strength
(Alg:a-TCP) (pm) Elongation (%) (MPa)
10:1 20+ 5 13.23 254.51
2:1 20£5 10.50 257.52
1:10 20£5 4.44 38.48

been observed that % elongation of the hybrid films
decreased with addition of a-TCP micro-particles.

The higher tensile strength of the hybrid film
depends on both the distribution of a-TCP as filler
into the alginate network as well as the interaction
between «o-TCP and alginate. From table 1, it is
obvious that the tensile strength of the 2:1 (Alg : a-
TCP) hybrid film is highest among three hybrid films.
This is owing to the fact that a comparatively homo-
geneous distribution of o-TCP micro-particles was
seen in the 2:1 hybrid film (figure 4(c)), resulting in a
stronger interfacial interaction which may have
formed between o-TCP and alginate. The interfacial
interaction in 10:1 hybrid film will be the smallest
because of the presence of the lowest amount of a-
TCP micro-particles. In the case of the 1:10 hybrid
film, a large amount of a-TCP micro-particles make
for an irregular distribution and agglomeration, which
hindered the effect of a-TCP micro-particles towards
the mechanical properties.

3.3. Swelling study

Figure 6 describes % swelling of the Alg-a-TCP hybrid
films at pH 7, 7.4 and 37 °C. The hybrid films reached
their equilibrium swelling state at ~10 h. It has been
detected that % swelling of 10:1 Alg-a-TCP hybrid
film is higher, and lower for 1:10 Alg-a-TCP hybrid
film in both media. This phenomenon can be
explained by the fact that swelling of the Alg-a-TCP
hybrid film depends on the presence of functional

hydrophilic groups, availability of hydrophilic groups,
crosslinking density and distribution of the filler
(a-TCP particles) into the film network. For Alg-a-
TCP (10:1) film, the availability of hydrophilic groups
is highest due to presence of higher % alginate moiety.
Thus, it can absorb a large volume of water, resulting
in higher % swelling. While in 1:10 film, due to the
existence of lowest % alginate moiety, the lowest %
swelling was observed. Again, from the FTIR spectra
(figure 2(A-b, ¢, e)), it has been observed that the
hydroxyl groups of the alginate moiety are connected
by physical interactions with o-TCP particles. Thus,
the availability of hydroxyl groups will be highest
where % alginate is highest (10:1). Furthermore,
because of the presence of the lowest amount of a-
TCP, the density of a-TCP particles in the 10:1 hybrid
film network will be less compared to 2:1 and 10:1
hybrid films. For this reason, the void space in the
cross-linked network will be highest in the case of the
10:1 hybrid film, while it will be lowest for the 1:10
hybrid one. Hence, the order of % swelling of Alg-a-
TCP hybrid filmsis 10:1 > 2:1 > 1:10. From figure 7,
it is also obvious that % swelling is higher at basic
media (pH 7.4) compared to neutral media (pH 7).
The results may be owing to the fact that, at pH 7.4, the
crosslinking agent (Ca*") may have formed new
compounds with the ions present in buffer media.
Thus, the crosslinking network may be broken, which
increased the space for water diffusion into the hybrid
gel network, resulting in higher % swelling. At pH 7,
the polymer network remained intact, therefore
absorbed fewer water molecules and showed lower %
swelling than thatat pH 7.4.

3.4. Determination of opacity and light
transmittance of the hybrid films

The aim of this study was to observe the effect of
distribution patterns of a-TCP particles in the alginate
network towards the light transmittance property. The
opacity and light transmittance properties of the Alg-
a-TCP (10:1, 2:1, 1:10) hybrid films have been
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Figure 6. Swelling characteristics of Alg-a-TCP (10:1, 2:1 and 1:10) films at (a) pH 7, and (b) pH 7.4 and 37 °C (results are in
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Table 2. Opacity and % transmittance values of alginate and Alg-a-TCP hybrid films (results in mean £ SD, n = 3).

Films Thickness (4m) Opacity (mean + SD) % Transmittance (mean + SD)
6% alginate 20+ 5 1.96 £+ 0.12 48.58 + 0.73
Alg-a-TCP (10:1) 20£5 6.61 + 0.27 16.72 £+ 0.59
Alg-a-TCP (2:1) 205 14.01 £ 0.33 2.23 £ 0.06
Alg-a-TCP (1:10) 20 £5 28.90 + 1.72 0.40 + 0.11

evaluated on the basis of the maximum wavelength at
600 nm by UV—-vis spectrophotometer.

It is observed that the alginate film showed lower
opacity than those of hybrid films, which indicates a
high transparency of the alginate film (table 2). As con-
centrations of a-TCP micro-particles are increased,
the opacity of the hybrid films increases (a-TCP). It
has also been noticed that the alginate film demon-
strated the highest value of % transmittance of UV

light (48.58% at 254 nm). Whereas in the case of
hybrid films, the increase of a-TCP micro-particles
amounts decreased the % transmittance values i.e.,
16.72% and 0.04% for 10:1 and 1:10, the hybrid films,
respectively (figure 8(a) and table 2). These results
indicate that the incorporation of a-TCP micro-parti-
cles deterred the photo-permeability through the
hybrid films. The decrease of film transparency is
because of the homogenous distribution of ceramic
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and Teflon films (e), (f) using ethidium homodimer-1 (EthD-1) and calcein AM assay, (B) cell viability assays and cell proliferation
measured by CCK-8 kit, and (C) fluorescence microscopy images of live and dead MC3T3 cells before addition of extracts (a), after

24 h oflatex film extract addition (b), after 24 h of Teflon film extract addition (c), and after 24 h of Alg-a-TCP (2:1) hybrid film
extract addition (d), using ethidium homodimer-1 (EthD-1) and calcein AM assay.
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TCP (2:1) hybrid film at pH 7 and pH 7.4 and 37 °C.

particles (a-TCP) in the cross-linked network as well
as the good interfacial interaction between alginate
and a-TCP [38]. The large decrease of film transpar-
ency in high o-TCP content implies the existence of
the agglomeration and self-networking of «-TCP
within the alginate matrix which hinders light passage
through the alginate film [38]. The lower transmission
of UV light between 200 and 250 nm indicates that the
Alg-a-TCP film could prevent damage to lipids and
medical devices from UV light [34].

3.5. In vitro cytocompatibility study

Figure 8 shows in vitro cell study results of Alg-a-TCP
(2:1) hybrid film using MC3T3 cells line up to 7 days.
From figures 8(A) and (B), it is obvious that compared to
Teflon (figure 8(A-a, b)) and latex (figure 8(A-c, d)) film,
the number of cells on the surface of Alg-a-TCP hybrid
film (figure 8(A-e, f)) increases with the progress of time
from 1 day to 7 days. It is also apparent that all cells were
dead at day 7 on latex (figure 8(A-d)), whereas no dead
cells were found in Teflon and hybrid films (figure 8(A-b
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and f)). The results imply that the surface of Alg-a-TCP
(2:1) hybrid film showed excellent cell viability and cell
proliferation and thus the hybrid film is biocompatible.
Figure 8(C) demonstrates the effect of extracts from Alg-
o-TCP (2:1) hybrid film, latex and Teflon films on
MC3T3 cells after 24 h. It is observed that all cells are alive
and grown in the extract solutions of Teflon and Alg-a-
TCP (2:1) hybrid films (figure 8(C-c, d)), while the extract
of latex induced some cell death (figure 8(C-b)). The
results indicate the nontoxic nature of the Alg-a-TCP
(2:1) hybrid film.

3.6. In vitro release of DMOG and BSA from Alg-o-
TCP (2:1) hybrid film

Figure 9 depicts the in vitro release profiles of an
antibiotic drug (DMOG) and protein (BSA) from the
Alg-a-TCP (2:1) hybrid film at 37 °C. The Alg-a-TCP
hybrid film (2:1) has been selected for the release study
because of its good flexibility and higher mechanical
strength (table 2). From figure 9, it is apparent that the
shapes of release curves are different which are
associated with the higher release rate of DMOG in
both media (pH 7 and 7.4) compared to BSA
(figures 9(a) and (b)). Due to the lower molecular
weight (175.1 gmol ') and smaller particle size of
DMOG than that of BSA (~66 kDa), the solubility and
mobility of DMOG in aqueous media are higher.
Besides, smaller particle sizes also assist a higher
diffusion rate. For these reasons, the rate of DMOG
release was higher than that of BSA and their release
profiles are different. However, at pH 7.4, the release
rate of both DMOG and BSA was higher compared to
pH 7.0. Many research groups reported that the release
nature of drugs from hydrogels or composite materials
is dependent on the rate of swelling of the materials
[39, 40]. In this case, the swelling rate of the film was
higher at pH 7.4 than at pH 7.0. Consequently, at
pH 7.4, the higher rate of water diffusion into the film
network induced higher release rates of DMOG and
BSA thanatpH 7.0.

4, Conclusions

A novel pathway has been designed and applied for the
development of a hybrid film (Alg-a-TCP) with
excellent characteristics like biocompatibility, mechan-
ical strength, flexibility, and a stimuli-responsive swel-
ling property. Various grades of the hybrid films have
been fabricated using alginate as biopolymer, a-TCP as
a ceramic and CaCl, as a crosslinking agent. A screeding
technique (like a concrete finishing process) has been
applied to get a better orientation of -TCP micro-
particles in the alginate matrix and to achieve flatness in
the film. The ATR-FTIR, >C NMR and XRD surface
analyses confirmed the ionic crosslinking phenomena
and formation of the cross-linked hybrid network. The
SEM and FESEM analyses indicated that the a-TCP

D Dasetal

micro-particles are orderly distributed into the cross-
linked network. TGA analyses implied that the ionic
crosslinking as well as the interfacial interaction
between alginate and «-TCP enhanced the thermal
stability of the hybrid films. The micro-fatigue test
result suggested that the mechanical properties of Alg-
a-TCP hybrid films depend on the distribution of the
ceramics particles (a-TCP) as well as on the composi-
tion of the materials. Out of diverse grades of films, Alg-
a-TCP (2:1) showed comparatively higher mechanical
strength and flexibility. The lower transmission of UV
light between 200-250 nm indicates that the Alg-a-
TCP film could prevent damage to lipids and medical
devices from UV light. The in vitro bone cell (MC3T3)
culture and cytotoxicity tests showed that the hybrid
film is biocompatible. The hybrid film releases two
drugs, bovine serum albumin (BSA) and dimethylox-
aloylglycine (DMOG), in a controlled way at pH 7.0 and
7.4, and 37 °C. Finally, the Alg-o-TCP biocompatible
film with high mechanical strength and flexibility could
be employed as an interfacial film in tissue engineering,
such as for osteochondral defects.
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