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The objective of this work was to investigate the potential application of Poly(3-hydroxybutyrate)/magnetic nanoparticles,
P(3HB)/MNP, and Poly(3-hydroxybutyrate)/ferrofluid (P(3HB)/FF) nanocomposites as a smart material for bone tissue repair.
The composite films, produced using conventional solvent casting technique, exhibited a good uniform dispersion of magnetic
nanoparticles and ferrofluid and their aggregates within the P(3HB) matrix. The result of the static test performed on the samples
showed that there was a 277% and 327% increase in Young’s modulus of the composite due to the incorporation of MNP and
ferrofluid, respectively. The storage modulus of the P(3HB)MNP and P(3HB)/FF was found to have increased to 186% and 103%,
respectively, when compared to neat P(3HB). The introduction of MNP and ferrofluid positively increased the crystallinity of
the composite scaffolds which has been suggested to be useful in bone regeneration. The total amount of protein absorbed by
the P(3HB)/MNP and P(3HB)/FF composite scaffolds also increased by 91% and 83%, respectively, with respect to neat P(3HB).
Cell attachment and proliferation were found to be optimal on the P(HB)/MNP and P(3HB)/FF composites compared to the
tissue culture plate (TCP) and neat P(3HB), indicating a highly compatible surface for the adhesion and proliferation of the MG-
63 cells. Overall, this work confirmed the potential of using P(3HB)/MNP and P(3HB)/FF composite scaffolds in bone tissue
engineering.

1. Introduction

Recently, interest in tissue engineering and its solutions have
increased significantly with bone and cartilage regeneration
by autogenous cell delivery or tissue regeneration becoming
one of the most promising modes of orthopaedic surgery.
In particular, scaffolds have become fundamental tools in
bone graft substitution and are used in combination with a
variety of bioagents [1]. Regenerative medicine benefits from
biocompatible scaffolds on which stem cells can grow and

differentiate, either under preliminary ex vivo conditions for
further grafting into the injured organ or as direct in vivo
implants. Tissue engineering scaffolds offer microstructured
2D or 3D surfaces for cell attachment, differentiation, and
proliferation [2]. In addition, scaffolds provide biomechan-
ical properties that are suitable for supporting novel tissue
structures and with no toxic effects. However, studies have
demonstrated the need for stimulators of cell attachment,
as many polymeric materials used for scaffold fabrication
inhibit cell attachment and proliferation. In order to solve this



problem, growth factors and cell ligands are incorporated as
biologically active molecules to facilitate cell attachment and
expansion.

Current and future applications of magnetic nanoparti-
cles in biology and medicine have been largely dependent on
their nanometer-size particles (3-10 nm in diameter) which
exhibit novel magnetic, chemical, and biomedical properties
[3]. Maghemite (y-Fe,O5), magnetite (Fe;O,), and Fell/Felll
oxides are technologically important compounds widely used
for the production of magnetic materials and catalysts. As
a confirmation of cytocompatibility of magnetic material in
tissue engineering, an emerging tissue engineering strategy,
magnetic force-based tissue engineering (Mag-TE), employs
cells that have been magnetically labelled with magnetite
cationic liposomes (MCLs). Such MCL-labelled cells can be
manipulated and organised by magnetic force, and their
functionality is maintained. The use of magnetic material to
manipulate cells has been tested in many cell lines including
mesenchymal stem cells, cardiomyocytes [4], human umbil-
ical vein endothelial cells [5], retinal pigment epithelial cells
[6], and keratinocytes [7].

In this study, polymeric P(3HB) based magnetic iron
oxide (mainly magnetite) composite scaffolds were suc-
cessfully developed using a simple and inexpensive com-
pression moulding/particulate leaching technique. The two
different types of magnetic composite scaffolds produced
included P(3HB)/magnetic nanoparticles, P(3HB)/MNP, and
P(3HB)/ferrofluid, P(3HB)/FE. The developed magnetic scaf-
folds were characterized for their magnetic properties as well
as the effects of addition of magnetic materials (particles and
fluid) on the thermomechanical properties of the composite
scaffolds. FTIR was employed to study the crystallographic
properties of the scaffolds. In vitro degradation study of the
composite scaffolds was performed in simulated body fluid
(SBF) to understand the effect of magnetic materials on the
biodegradation of the composite scaffold. Magnetite was used
for the manipulation of the nano- and microenvironments
on P(3HB) scaffolds in order to promote protein adsorption
and subsequently stimulate cell proliferation. Cytocompat-
ibility studies on the magnetic scaffolds were carried out
using the human osteosarcoma MG-63 cell line and total
protein production and cell proliferation were assessed. This
study confirmed the promising potential application of the
developed composites in bone tissue engineering and bone
regeneration therapy.

2. Experimental Procedures

2.1. Bacterial Strain, Cells, and Culture Medium. Poly(3-
hydroxybutyrate) was produced following previously devel-
oped biotechnological methods [8]. The proliferation assays
were performed using the HOS cell line, MG-63 grown in low
glucose Dulbeccos Modified Eagle Medium (DMEM), sup-
plemented with 10% fetal calf serum and 1% (w/v) penicillin
and 1% (w/v) streptomycin solution.

2.2. Magnetic Nanoparticle Preparation. Magnetic nanocrys-
tals of Fe;O, were prepared by the classical coprecipitation
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method where a solution containing ferric and ferrous
chlorides was introduced in an alkaline solution [9]. To
the mixture of 2.0g FeCl,-4H,O in 5mL 2M HCI and
5.4 g FeCl;-6H,0 in 20 mL 2M HCl, 50 mL 0.7 M NH; was
dropped under mixing. The magnetic particles were washed
with water and acetone. These particles were used in the form
of aggregates, particle size ca 100nm (1mL of centrifuged
sample corresponded to 67 mg of dry weight).

2.3. Preparation of Magnetic Fluid (Ferrofluid, FF) Stabilized
in Chloroform. To the mixture of 2.0 g FeCl,-4H,0 in 5mL
2M HCI and 5.4 g FeCl;-6 H,O in 20mL 2M HCI, 50 mL
0.7M NH; was dropped under mixing. Then concentrated
(25%) NH; was added to the total volume 66 mL and pH
ca 10. After that 1.3 mL oleic acid was added and thoroughly
mixed for 1h. Then the mixture was heated in water bath to
95°C with temperature increasing 2°C/s (45-60 min). After
cooling down 15% HNO; was added to pH 5. The suspension
was then washed with water and subsequently with acetone
(both four times). Magnetite in acetone was heated for 1.5h
under mixing in water bath at 35-50°C until all acetone was
evaporated. Then chloroform was added in small portions
until ferrofluid was formed. To remove solid particles the
ferrofluid was repeatedly centrifuged (90 min, 9500 rpm),
under the same conditions, up to 4-6 days. The relative
magnetic fluid concentration (25 mg/mL) was determined by
a colorimetric method (Fe;O, used as standard); pH was ca
7.0 [10].

2.4. Nanocomposite Film Preparation. 1g of P(3HB) was
dissolved in 10mL of CHCl; at room temperature and
stirred for 24 h. The desired amount of magnetic nanoparti-
cles/ferrofluid in CHCl; was added to the P(3HB) solution
to give a final concentration of 14, 27, and 54 mg/mL of either
MNP or FF and the mixture was homogenized for 2 min using
a homogenizer (Ultra-Turrax T25 basic, Ika-Werke). The
suspension was then degassed three times and poured into
a glass Petri-dish, where the films were obtained by solvent
evaporation at room temperature. Hence, nanocomposite
films containing 14, 27, and 54 mg/g of P(3HB) were prepared.

2.5. Scanning Electron Microscopy (SEM). Scanning electron
microscopy, JEOL 5610LV instrument (JEOL, USA) and an
ESEM FEI Quanta 200F, was used to examine the microstruc-
ture of the test materials. The samples were placed on 8 mm
diameter aluminium stubs using a sticky tag to hold them. A
gold sputtering device (EMITECH-K550) was used to coat
the samples, operating at a pressure of 7 x 10 >bar and
deposition current of 20 mA for 2 min. Images were taken at
various acceleration voltages (maximum of 20kV) to avoid
beam damage on the polymer.

2.6. SQUID Analysis. A superconducting quantum inter-
ference device magnetometer (SQUID, MPMS XL-7 type,
Quantum Design, USA) was used for measurement of mag-
netization of the solid samples. The hysteresis loops of all
studied samples were collected at a temperature of 300 K
under an external magnetic field ranging from —1T to +1 T
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(i.e., 10kOe). For measurement, a small sample (few mm?)
of the scaffold was mounted onto the sample holder using a
Teflon tape.

2.7. Dynamic Mechanical Analysis (DMA). DMA experi-
ments were carried out in tensile mode using a Perkin-
Elmer Dynamic Mechanical Analyser (DMA 7e, Perkin-
Elmer Instruments, USA) at room temperature. Tensile
strength tests were conducted on flat specimens (width:
1.4 mm, length: 7-8 mm, and thickness: =<100-120 #m) cut out
from the solvent cast films. To remove any trace of solvent,
samples were first heated from room temperature to 100°C
at 10°C/min, 1Hz frequency, and 0.01% of strain, and this
temperature was kept for 10 min. Then dynamic cooling scans
were conducted from 100 to 30°C at 2°C/min, 1Hz, and 0.1%
of strain. During the DMA experiment, the static load was
kept at ImN and it was increased to 6000 mN at a rate of
200 mN min~'. Four repeat specimens were tested for each
sample and the average value was used.

2.8. Infrared Spectroscopy (FTIR). Infrared spectra of dried
test samples were recorded using a FTS 6000 spectrometer
(Portmann Instruments AG, Biel-Benken, Switzerland). For
each sample, the diamond crystal of an attenuated total
reflectance (ATR) accessory was brought into contact with
the area to be analysed. The contact area was about 2 mm?,
and a torque of 10 c Nm was used to ensure the same pressure
on each sample. All spectra were recorded between 4000 and
400 cm™, with a resolution of 4 cm ™! and 32 scans.

2.9. Contact Angle Study. In order to evaluate the wettability
of the test materials, static contact angle measurements were
carried out on each of the samples. The experiment was
carried out on a KSV-Cam 200 optical contact angle meter
(KSV Instruments Ltd., Finland). An equal volume of water
(20 uL) was placed on every sample by means of a gas tight
microsyringe forming a meniscus. Photos (frame intervals:
1s, number of frames: 100) were taken to record the shape
of the meniscus. The water contact angles on the specimens
were measured by analyzing the recorded drop images (four
repeats for each sample) using the Windows based KSV-Cam
software.

2.10. Protein Adsorption Study. Protein adsorption assay was
carried out on 2D (films) using fetal bovine serum (FBS).
All measurements were carried out in triplicate per sample.
The samples were immersed with 200 uL of undiluted FBS
in a L.5mL Eppendorf and incubated at 37°C for 24h.
The serum was then removed from the samples and the
samples were washed three times with phosphate buffer
saline (PBS). The proteins adsorbed on the samples were
collected by incubating the samples with 1 mL of 2% sodium
dodecyl sulphate (SDS) in PBS for 24 h at room temperature
and under vigorous shaking. This was done to ensure the
adsorbed proteins were dissolved in the PBS (with SDS).
Amount of total protein adsorbed was measured using a
commercial protein quantification kit (Qubit™ Protein Assay
Kits). Fluorescence was measured at 485/590 nm against a

calibration curve using bovine serum albumin, BSA (pro-
vided in the kit).

2.11. Change in pH of Simulated Body Fluid, SBE after
Immersion of Samples. A total of nine samples from each
group of the test materials were immersed in SBF for 1, 2,
3, and 4 weeks and 20 mL SBF was used for each sample.
SBF was chosen because it has similar ionic concentration
to human blood plasma [11]. The pH-values of SBF were
monitored every week by an electrolyte-type pH meter (PHS-
2C, JingkeLeici Co., Shanghai, China). The values presented
were the mean values of triplicate measurements.

2.12. Cytocompatibility Studies. In vitro cell culture stud-
ies were performed using MG-63 osteoblast, a human
osteosarcoma cell line. Cells were cultured in Dulbeccos
Modified Eagles Medium (DMEM) from PAA, Germany,
supplemented with 10% (v/v) fetal calf serum and 1% (v/v)
penicillin and streptomycin solution and incubated at 37°C in
a humidified atmosphere (5% CO, in 95% air) prior to its use.
The samples were UV-sterilized for 30 min and passivated
in DMEM culture medium for 12h, prior to seeding the
cells. The samples were placed in a polystyrene 24 well flat
bottomed tissue culture plate with the film samples placed
in the centre of the well. Standard tissue culture plastic
was used as the control surface. The specified amounts
of cells (20,000 cells/samples) were seeded using 50 uL of
DMEM medium for initial attachment of the MG-63 on the
sample surface. The plates were incubated in a humidified
environment (37°C, 5% CO,) for a period of up to 2h and
then samples transferred to a new well-plate and replaced
with ImL of DMEM medium. The cells were then allowed
to grow on the films (n = 3) for a period of up to 7 days
with the medium changed every second day. At specific time
intervals the cell proliferation measurements were carried
out using the Alamar blue (AbD Serotec, UK) assay and the
fluorescence of the samples was measured at 560 nm (A s;)
and 590nm (Asy,). Films were also examined under SEM
JEOL 5610LV instrument (JEOL, USA) after day 7 to assess
the cell spreading and attachment.

3. Results

3.1 Microstructural Analysis of Neat P(3HB), P(3HB)/MNPB,
and P(3HB)/FF Composites. Microstructural analysis of the
neat P(3HB) and the composite test materials (P(3HB)/MNP
and P(3HB)/FF) were carried out using SEM. Film samples
containing 54 mg/mL of either MNPs or FF were shown to
illustrate the differences in the surface morphology of the
tested samples.

The surface morphology of the films produced by solvent
casting, as observed from the SEM imaging, is shown in
Figure 1. The SEM image revealed micro/nanosurfaces on
the test materials. Nano/microscale crystals and sparsely
distributed aggregates of nanoscale crystals were observed on
the surface of the P(3HB)/MNP composite. These nanoscale
crystals were more visible at a higher magnification (x500)
image. As expected, the surfaces of the composite materials
were slightly rougher than that of neat P(3HB).
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FIGURE 1: SEM image of (Al) neat P(3HB); (B1) P(3HB)/MNP) (54 mg/mL); (C1) P(3HB)/FF (54 mg/mL) at lower magnification (x150) and
higher magnification; (A2) neat (P(3HB); (B2) P(3HB)/MNP (54 mg/mL); (C2) P(3HB)/FF (54 mg/mL). The arrows show the uniformly

dispersed magnetic particles.

MNP

P(3HB)

()

3.2. Morphology and Structure of Magnetic Materials in
the Composite Scaffolds. Electron diffraction patterns of
the test materials are presented in Figure 2. The electron
diffraction patterns show a randomly oriented Fe;O, in the
P(3HB)/MNP and P(3HB)/FF composite scaffolds.

3.3. Magnetic Properties of P(3HB)/MNP and P(3HB)/FF
Composite Material. Magnetic properties of the biodegra-
dable nanocomposite scaffolds were investigated using
superconducting quantum interference device (SQUID) as
described in Section 2.6. For each sample the magnetization
at 300 K was measured over a range of applied fields between
—10,000 and +10,000 Oe. Figure 3(a) shows the neat P(3HB)
having a very low maximum magnetization M, at 1T
(0.004 emu/g) while Figure 3(b) shows that, near +I, the
magnetization reached a saturation value (0.004, 0.6182, and
0.8707 emu/g) roughly proportional to the MNP content
(14, 27, and 54mg) in the scaffolds. Figure 4(a) features
the hysteresis loops of the composite scaffold produced by
addition of ferrofluid (FF) (54mg, ca = 10-15nm) while
Figure 4(b) features the hysteresis loops of the scaffold

P(3HB)/FF

(®)

FIGURE 2: Electron diffraction patterns of (a) P(3HB)/MNP and (b) P(3HB)/FF composite films.

produced by the incorporation of magnetic nanoparticles
(MNP) (54 mg/mL). Figures 4(a) and 4(b) show that the
hysteresis loops of P(3HB)/FF and P(3HB)/MNP composites
almost saturate at +1 Tesla without coercivity or remnant
magnetization (i.e., ascending and descending curves are
almost the same).

3.4. Mechanical and Thermomechanical Properties of P(3HB)/
MNP and P(3HB)/FF Composite. Dynamic mechanical anal-
ysis, DMA, has been demonstrated to be useful in evaluating
the viscoelastic properties of polymers [12, 13]. For polymeric
materials, the following equations hold [14]:

E=Z-E+E"
&
5 €]
tand = —,
EII

where E is the dynamic modulus, E' is termed storage modu-
lus, E" is the loss modulus, o (sigma) is stress, & (epsilon) is
percentage change in strain, and tan § (tan delta) is the ratio
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FIGURE 3: Hysteresis loops of SQUID measurement of (a) neat P(3HB) and (b) P(3HB)/MNP composite film containing different amounts

of MNP (14, 27, and 54 mg).
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FIGURE 4: Hysteresis loops of SQUID measurement of (a) P(3HB)/FF composite film (54 mg/mL, average particle size, ca = 10-15nm) and

P(3HB)/MNP composite (54 mg, ca = 100 nm).

of the energy dissipated per cycle to the energy stored during
the cycle.

Table 1 shows Young’s modulus of the P(3HB)/MNP and
P(3HB)/FF composites which were significantly influenced
by the incorporation of magnetic oxides either as nanopar-
ticles or as ferrofluid. Young’s modulus of the neat P(3HB)
measured was 0.22 + 0.04 GPa. This value increased to 0.83

+ 0.2 and 0.94 + 0.4 GPa on addition of 14 mg of MNP and
14 mg of ferrofluid, respectively, to 1g of the P(3HB) matrix
to form composites (Figure 5). The result of the static test
thus showed that there was a 277% and 327% increase in
Young’s modulus of the composite due to the incorporation
of 14 mg of either MNP or ferrofluid, respectively. Statistically
significant differences (p < 0.05) were observed between
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TABLE 1: Mean and standard deviation of storage modulus (E") and loss modulus (E") for neat P(3HB), P(3HB)/MNP, and P(3HB)/FF
composites at different temperatures.

Temperature (°C)

Measurement Material
-20 0 20 50
Neat P(3HB) 0.98 +0.7 0.86 + 0.4 0.74 + 0.6 0.61+0.4
Storage modulus (GPa) P(3HB)/MNP 2.77 £0.7 228 +0.5 1.87 +0.30 136 £0.5
P(3HB)/FF 1.97 £ 0.5 1.59 + 0.1 130 + 0.3 0.95+0.1
Neat P(3HB) 0.09 + 0.02 0.08 + 0.02 0.06 + 0.01 0.06 + 0.04
Loss modulus (GPa) P(3HB)/MNP 0.76 £ 0.3 0.68 + 0.1 0.06 + 0.01 0.05 + 0.01
P(3HB)/FF 0.84+0.2 0.67 + 0.1 0.49 + 0.1 0.34+0.3
Neat P(3HB) 0.09 + 0.02 0.09 +0.04 0.08 +0.03 0.10 + 0.07
tan & P(3HB)/MNP 0.27 + 0.04 0.29 +0.09 0.26 + 0.02 0.37 + 0.02
P(3HB)/FF 0.43 +0.02 0.42 +0.01 0.38 +0.03 0.36 +0.01

MNP (54 mg/mL), FF (54 mg/mL), and tan § (tan delta) (n = 3, error = +SD).

1.2 the energy stored during the cycle) was used to quantify the

internal friction existing in the material. The test performed

1.0 clearly revealed that tan§ increased with the addition of

5 either magnetic nanoparticles or ferrofluid to the polymeric

S 0.8 4 material. Also, tan § decreased with increase in temperature

E in both P(3HB)/MNP and P(3HB)/FF composite materials

-§ 0.6 - but increased with increase in temperature above 20°C for
g neat P(3HB) (Table 1).

:g 0.4

0.2 4 3.5. Fourier Transform-Infrared, FTIR, Analysis. Fourier

- transform infrared (FTIR) spectroscopy was used to identify

0.0 functional groups and obtain structural information of neat

Neat P(3HB) P(3HB)/MNP P(3HB)/FF

FIGURE 5: Youngs modulus (E) measurement for neat P(3HB),
P(3HB)/MNP, and P(3HB)/FF composite containing 14 mg of either
MNP or ferrofluid solution in 1g of P(3HB). (Error bars = +SD.)

the elastic moduli of the P(3HB)/MNP and P(3HB)/FF com-
posites.

Figures 6(a) and 6(b) highlight the result of the dynamic
moduli measured on both the neat P(3HB) and P(3HB)/ MNP
and P(3HB)/FF composites. The dynamic storage and loss
modulus were obtained in the temperature range of —20°C
and 130°C and a typical profile of the data obtained is shown
in Figures 6(a) and 6(b). A detailed set of data with standard
deviations on the three sets of analyses performed is shown in
Table 1. The result shows that the storage modulus increased
due to the incorporation of either magnetic nanoparticles
or ferrofluid to the polymeric matrix. However, the storage
modulus of the P(3HB)/MNP composite was found to be
greater than the storage modulus measured for both neat
P(3HB) and P(3HB)/FF composite. At —20°C, the storage
modulus was found to be 0.97 + 0.7, 2.77 £ 0.7, and 1.97 +
0.5 GPa for the neat P(3HB), P(3HB)/MNP, and P(3HB)/FF
composites, respectively. Moreover, both the storage modulus
and loss modulus were found to decrease with increase in
temperature. Apart from dynamic storage and loss modulus,
tan & (which is the ratio of the energy dissipated per cycle to

P(3HB) and the composites. In any miscible composites,
polymers containing the carbonyl group usually are involved
in some interaction such as hydrogen bonds; hence, a shift of
the adsorption wavelength corresponding to the C=0O group
is usually observed.

The FTIR spectra of P(3HB), P(3HB)/MNP, and P(3HB)/
FF composites are shown in Figure 7. The strong and sharp
transmittance band at 1720 cm™" can be assigned to the C=0
stretching mode in both the neat P(3HB) and the compo-
site specimens. The peaks at 1275cm™" and 1226 cm™ can
be assigned to the C-O-C stretching modes in the com-
posites. The peak at 1180 cm™" is attributed to the C-O-C
stretching band corresponding to the amorphous state [15].
Generally, the FTIR spectra of the composite specimens show
modified bands in shape and intensity when compared to
those characteristics of neat P(3HB). Most of the P(3HB)
bands that are sensitive to the crystallinity of the sample
became sharp and increased in intensity with the addition
of either magnetic nanoparticles or ferrofluid. Furthermore,
the intensity of these bands increased more with the addition
of ferrofluid than on addition of MNP. For instance, the
intensity of the peaks at positions 2978, 1720, 1378, 1275, 1129,
1050, 909, and 592cm™! increased in the order P(3HB) <
P(3HB)/MNP < P(3HB)/FE. Also, conspicuous was the shift
in bands with the addition of the fillers. The 591cm ™" peak in
the neat P(3HB) spectrum shifted to 592 cm™ in P(3HB)/FF
and 593cm™! in P(3HB)/MNP while the band at position



Journal of Nanomaterials

2.75e + 9 A
2.50e +9 -
2.25e +9 -
2.00e + 9 -
1.75e + 9 A
1.50e + 9 -
1.25¢ + 9
1.00e + 9
7.50e + 8
5.00e + 8
2.50e + 8

0.00

Storage modulus (GPa)

0 50 100 150
Temperature (°C)

—— Neat P(3HB)
—— P(3HB)/FF
—— P(3HB)/MNP

(a)

1.50e + 9 -
1.25e +9 -
1.00e + 9 + \

7.50e +8 1 ~< S
5.00e + 8 A S~a S

2.50e + 8 - ARV N

Loss modulus (GPa)
/

—_————— —=Sso_

0.00
—2.50e + 8 +
—=5.00e + 8 +

50 100 150
Temperature ("C)

--- Neat P(3HB)
--- P(3HB)/FF
—__ P(3HB)/MNP

(b)

FIGURE 6: Typical plot of (a) storage modulus (solid lines) and (b) loss modulus (dotted lines) of neat P(3HB), P(3HB)/FF, and P(3HB)/MNP

composites.
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FIGURE 7: FTIR spectra of neat P(3HB) (blue line), P(3HB)/MNP
(54 mg/mL) (black line), and P(3HB)/FF (54 mg/mL) (red line).

1451cm™ in the neat P(3HB) shifted to 1454 cm™! on addi-
tion of either magnetic nanoparticles or ferrofluid. Besides,
additional bands were also found at position 511cm™" in the
P(3HB)/MNP composite and 1556 cm ™" in both composite
specimens (P(3HB)/MNP and P(3HB)/FF), which were due
to the presence of the fillers.

3.6. Hydrophilicity Determination. The water contact angle of
the composites differed significantly from that of the neat
P(3HB) as seen in Figure 8. While the water contact angle
measured on the neat P(3HB) specimen was 68.1 + 7, those
measured on the P(3HB)/MNP and P(3HB)/FF were 59.7 +
4.1 and 63.2 + 6.4, respectively. Hence, the hydrophilicity of

80

N
(=}
1

Mean contact angle (deg.)
S 'S
[=] (=}

P(3HB)

P(3HB)/MNP P(3HB)/FF

FIGURE 8: Water contact angles for neat P(3HB), P(3HB)/MNP
(54 mg/mL), and P(3HB)/FF (54 mg/mL) composite films (n = 3,
error = +SD).

the composite specimens increased by 12% and 7% on addi-
tion of magnetic nanoparticles and ferrofluid, respectively.

3.7 Total Protein Adsorption on the P(3HB)/MNP and
P(3HB)/FF Composite Films. The total amount of protein
adsorbed onto the composite disc in yg/cm? is shown in
Figure 9. For all the specimens, the total amount of adsorbed
protein increased significantly with the addition of either
magnetic nanoparticles or ferrofluid. The total amount of
protein absorbed by the P(3HB)/FF and P(3HB)/MNP com-
posite scaffolds increased by 83 and 91%, respectively, with
respect to neat P(3HB). A statistically significant difference
(p < 0.05) was found between total proteins absorbed by
either P(3HB)/MNP or P(3HB)/FF and the neat P(3HB).
However, among the composite specimens (P(3HB)/MNP
and P(3HB)/FF), the extent of protein adsorption did not
differ significantly, though both composites followed the
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FIGURE 9: Total protein adsorption study on P(3HB)/MNP
(54 mg/mL) and P(3HB)/FF (54 mg/mL) films using fetal bovine
serum (FBS) (n = 3; error bars = +SD).

8 -
T 75
7 T T T T T T
0 5 10 15 20 25 30
Time (days)
—o— P(3HB)

—=— P(3HB)/MNP
—« P(3HB)/FF

F1GURE 10: Change in pH of SBF with time of immersion of P(3HB),
P(3HB)/MNP (54 mg/mL), and P(3HB)/FF (54 mg/mL) composite
films.

same trend of increase in total protein adsorption compared
to neat P(3HB).

3.8. pH Changes of the SBF Solution Immersed with Neat
P(3HB) and the Composites. The pH of the immersed SBF
for neat P(3HB) and composite materials exhibited initial
increase in value and later decreased with increase in the
incubation time. However, the pH of the SBF solution with
neat P(3HB) film increased mostly after 7 days of incuba-
tion followed by P(3HB)/FF and P(3HB)/MNP, respectively
(Figure 10).

3.9. Cytocompatibility Study of Neat P(3HB), P(3HB)/MNP,
and P(3HB)/FF Composites. The magnetic composites devel-
oped in this work were further assessed for cytocompatibil-
ity, an essential property for a tissue engineering scaffold.
The increased hydrophilicity of the composites and the
micro/nanosurfaces was expected to allow cell adhesion, pro-
liferation, and functioning of human osteoblasts. The human
osteoblast-like cell line MG-63 was used as the prototype
for osteoblastic cells. This human osteosarcoma MG-63 cell
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FIGUure 1I: Cell proliferation study using Alamar blue assay for
TCP, neat P(3HB), P(3HB)/MNP (54mg/mL), and P(3HB)/FF
(54 mg/mL) composite film performed on days 1, 3, and 6. All
samples are tested relative to the control set at 100% (n = 3, error =
+SD, significant at * P = 0.05, ** P < 0.01, and *** p < 0.05).

line has been extensively characterized and validated as a
model to test biocompatibility of various materials intended
for bone tissue engineering [16]. Despite being a tumour
cell line, MG-63 exhibits many osteoblastic traits, including
high levels of 1,25-dihydroxyvitamin D5 (1,25-(OH),D5)
responsive alkaline phosphatase activity and the inhibition of
cell proliferation after 1,25-(OH),D; treatment. Studies have
also shown its ability to synthesize osteocalcin and collagen
type 1, which are characteristic of bone-forming cells. Tissue
culture plastic (TCP) was used as the positive control on
which all cell types are known to attach and proliferate.

3.9.1. Cell Proliferation Study. The in vitro biocompatibility
of the composite materials was investigated using the MG-
63 cell line described above. A histogram representing cell
proliferation and growth on the composite films produced by
incorporation of either 14 mg MNP or ferrofluid to the poly-
mer matrix is shown in Figure 11. The result shows that the
cells proliferated and grew well on all the tested samples. The
cell proliferation on neat P(3HB) was found to be lower than
that on TCP and the composite materials. In contrast with the
control, the MG-63 cells proliferated better on the P(3HB)/FF
composite material. Thus, a significant difference (p < 0.01)
was found in cell proliferation between the P(3HB)/MNP and
P(3HB)/FF composite films. At day 6 of the cell proliferation
study, the cell proliferation on P(3HB)/MNP and P(3HB)/FF
composite specimens was much better as compared to that on
neat P(3HB) films.

3.9.2. Total Protein Production by Human Osteosarcoma MG-
63 Cell Lines on the P(3HB)/MNP and P(3HB)/FF Composites.
The total protein production by the MG-63 cell lines on the
composite specimens was investigated from the supernatant
of the cells grown in both osteogenic media and normal
growth media at different time points. Since total protein
production by the cells correlates with mineralisation by the
growing cells, the protein produced by the growing MG-63
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FIGURE 12: Protein production by MG-63 cells on TCP, P(3HB),
P(3HB)/MNP (54 mg/mL), and P(3HB)/FF (54 mg/mL), grown in
osteogenic media at different time points. Samples were measured
relative to the control set at 100% (TCP) (n = 3, error = +SD, and
P <0.01).

cells on days 1, 7, 14, and 21 was quantified using commercial
Qubit Protein Assay Kits purchased from Invitrogen™.

Figures 12 and 13 show the histogram of the total protein
produced by the growing cells on the test materials at different
time points. Total protein produced was measured for MG-
63 cells grown on the TCP (control), neat P(3HB), and the
composite specimens grown in both osteogenic and normal
growth media. A statistical difference (p < 0.01) was found
between total protein produced by the MG-63 cells cultured
in osteogenic media and those cultured in normal growth
media. Furthermore, statistical difference (p < 0.01) was
found between total protein produced by the MG-63 cells
grown on P(3HB)/FF and P(3HB)/MNP substrates and TCP
after 14 days of culture.

3.10. Cell Morphology. Figure 14 shows MG-63 cells grown
on TCP, neat P(3HB), P(3HB)/MNP, and P(3HB)/FF films
on day 1 and day 7 Both P(3HB)/MNP and P(3HB)/FF
composite films contained 14 mg of either magnetic particles
or magnetic fluid. The figure highlights the attachment of
cells on the surface of the materials. Also, MG-63 cells were
found to be flattened on the magnetic composite films as
observed on either the tissue culture plastic or the P(3HB)
films indicating that the composite materials were conducive
for cell adhesion and proliferation. At day 7, the MG-63 cells
spread very well throughout the surface of both TCP and the
test materials forming a monolayer on the surfaces.

4. Discussion

Recently, much effort is being dedicated towards the devel-
opment of sustainable technologies for the fabrication of
customized tissue engineering scaffolds with reproducible
internal morphology that can ensure enhanced oxygen and
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FIGURE 13: Protein production by MG-63 cell lines on the control,
P(3HB), P(3HB)/MNP (54 mg/mL), and P(3HB)/FF (54 mg/mL),
with normal growth media at different time points. Samples were
measured relative to the control (TCP) set at 100% (1 = 3, error bars
=4SD, and *p < 0.01).

nutrient transport throughout the scaffold. Among the suc-
cessfully developed scaffolds, there are still limitations and
difficulties in controlling cell differentiation and angiogenesis
as well as obtaining stable scaffold implantation in the patho-
logical site. Hence, the conceptual provision of a scaffold
that can not only provide architectural frame work and
physicomechanical support, but also enhance cell growth,
proliferation, and differentiation in vivo has been proposed
in this study. Two different forms of magnetite (MNPs
and FF) were incorporated into polymeric P(3HB) in order
to achieve these objectives. The SEM imaging confirmed
the 2D composite materials to have micro/nanosurfaces.
Misra et al. have observed similar micro/nanosurfaces on
the addition of Bioglass® in the P(3HB) matrix to produce
P(3HB)/Bioglass 2D and 3D composites [17]. The crystals
found on the surface of the P(3HB)/MNP composite were the
magnetic particles incorporated within the polymer matrix.
The well dispersed nanoparticles and their aggregates are
known to be very useful in the provision of large surface
area for protein adsorption and cellular adhesions. Also,
the presence of the highly distributed magnetic particles
and aggregates of MNPs is expected to aid in reducing
the hydrophobic properties of the polymer matrix. Electron
diffraction patterns of the composite materials confirmed
the presence of the magnetic nanoparticles and ferrofluid as
well as the homogenous distributions of aggregates of the
incorporated materials throughout the composite specimens.
The diffraction rings of magnetite and polymeric P(3HB)
shown in Figure 2 indicated that aggregates of magnetite
nanoparticles and ferrofluid were randomly distributed in
the composite films (P(3HB)/MNP and P(3HB)/FF). This
observation is in agreement with the crystallographic features
observed in the XRD spectra of the composite samples
(figure not shown). The homogenous distribution of the
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FIGURE 14: SEM images of MG-63 cells growing on (A1) TCP; (B1) neat P(3HB); (Cl1) P(3HB)/MNP; and (D1) P(3HB)/FF film on day 1. SEM
images of MG-63 cells growing on (A2) tissue culture plastic; (B2) neat P(3HB); (C2) P(3HB)/MNP; and (D2) P(3HB)/FF film at day 7. Higher
magnification of MG-63 cells growing at day 7 revealing healthy cells that flattened out and attached on the surface of the materials and on
each other forming a monolayer on (A3) tissue culture plastic; (B3) neat P(3HB); (C3) P(3HB)/MNP; and (D3) P(3HB)/FF films. Arrows

highlight cells attached on the materials.

incorporated materials in the composites is necessary to
obtain composites with high mechanical performance and
uniform degradation kinetics throughout the materials.

The hysteresis loops of the P(3HB)/magnetic nanoparti-
cles and P(3HB)/magnetic fluid composites almost saturate
at +1 T without coercivity or remnant magnetization. This
behaviour is typical for paramagnetic or superparamagnetic
materials. As shown in Figures 3 and 4, all the magnetic
hysteresis loops passed through the grid origin. In addition,
it was also shown that the residual magnetization (o,) of all
the particles was zero. This shows that both the magnetite
nanoparticles and ferrofluid composites have good super-
paramagnetism (i.e., small superparamagnetic iron oxide
particles <20 nm forming =100 nm large aggregates). Also,
comparing their saturation magnetization (o), it is apparent
that o, increased as the amount of magnetite nanoparticles
in the scaffold increased. The absence of a coercive field
at temperatures close to 300K is characteristic of super-
paramagnetic material and therefore confirmed that both
P(3HB)/MNP and P(3HB)/FF composites had superparam-
agnetic properties [18]. For a superparamagnetic material, the
resulting magnetic scaffold may reach appropriate magneti-
zation values (i.e., up to 15emug ™" at 10 kOe) upon applica-
tion of an external magnetic field. These magnetization values

can, in future, be used to attract cells or other bioagents bound
to the MNPs [19]. Also, the superparamagnetic properties
confirm the ability of the scaffold to be magnetized by
applying a magnetic field without any remnant magnetization
once the field is removed [1, 20, 21]. The hysteresis loop of neat
P(3HB) was found to be composed of two magnetic phases:
first corresponding to the paramagnetic or superparamag-
netic phase and second belonging to the diamagnetic phase,
as is evident from the profile of the hysteresis curve, at lower
and higher applied fields, respectively. The appearance of
weak paramagnetic or superparamagnetic phase could have
resulted from contaminations during sample preparation. As
expected, neat P(3HB) has a very low maximum magneti-
zation (M,,.,) at 1T (0.004 emu/g) when compared to the
composite materials. Hence, neat P(3HB) can be confirmed to
have negligible magnetic properties and would not produce
any effects when an external magnetic field is applied.

The result of the DMA analysis shown in Figure 5
demonstrated that the mechanical properties of P(3HB)
increased with the addition of either magnetic nanoparticles
or ferrofluid. The increase in the mechanical properties of
the composite materials was possibly due to enhanced crys-
tallinity which in turn could be due to spherulite formation.
Stronger intermolecular interaction within the lamellae of the
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spherulite could account for the increased Young’s modulus
achieved in the composite materials. Similar trends have been
observed for tensile strength, yield stress, and toughness by
Ehrenstein and Theriault on isotactic polypropylene [22].
Hence, the addition of MNP and ferrofluid had a positive
effect on enhancing Youngs modulus of the composite
materials. Misra et al., Chen and Wang, and Wang et al. have
reported similar increase in Young’s modulus on the addition
of bioceramics to a polymer matrix [12, 23, 24]. Enhanced
mechanical performances of the composite materials are
highly desirable in the context of bone tissue engineering, a
high load bearing application as compared to soft tissues [25].

The important observations made from the dynamic
modulus (storage and loss modulus) analysis on the materials
are firstly the addition of either MNPs or FF effectively
increased the storage modulus of the polymer, as can be seen
in Table 1. It is possible that the storage modulus increase
was due to partial immobilisation of the polymer chains
as a result of adsorption onto the filler surface. Secondly,
the addition of the magnetic materials also resulted in an
increase in tan §; hence, the damping capacity of the material
increased. Such behaviour can occur due to the introduction
of new damping mechanisms that are not present in the neat
polymer. Some of the possible explanations for this increase
are (a) friction within the MNPs where particles touch
one another as in weak agglomerates, (b) friction between
P(3HB) and MNPs where there is essentially no adhesion
at the interface, and (c) excess damping (tan d, ratio of the
loss to storage modulus) in the polymer near the interface
because of induced thermal stresses or changes in polymer
conformation due to incorporation of filler. Finally the
dynamic modulus studies revealed that the storage modulus
was found to increase with the addition of either MNPs
or FE On increasing the temperature, the storage modulus
was found to decrease more in the composite materials than
in the neat P(3HB) sample. This further confirmed a weak
polymer/MNP interfacial interaction.

The FTIR spectra of the composite materials actually
showed modified adsorption peaks in shape and intensity
when compared to the characteristic peaks of neat P(3HB).
This could be due to hydrogen and ionic bond interactions
between the polymeric matrix and the magnetite. Millan
et al. have observed similar weak hydrogen and strong
ionic bonds during the preparation of maghemite polymer
nanocomposite [26]. The result of the analysis indicated that
the crystallisation of the polymer matrix was affected by the
addition/introduction of the fillers. This has therefore further
strengthened the possibility that changes in the crystalline
properties of the polymer microstructure occurred as a result
of the crystallisation process of the nanocomposite material
on introduction of the fillers.

The surface property of biomaterials plays an impor-
tant role in their performance in a biological environment.
Much research has been conducted to analyse the effects of
hydrophobicity and hydrophilicity on biological responses
(i.e., protein adsorption and cell adhesion). Improved surface
wettability generally improves the interactions between the
composite materials and the cells and results in controlled cel-
lular adhesion and maintenance of differentiated phenotypic
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expression [27]. Many researchers including Li et al. have
investigated the effect of addition of inorganic materials to a
biodegradable polymer matrix. Li et al. in their investigations
with wollastonite composite scaffold observed that the incor-
poration of wollastonite to the P(3HB-co-3HV) polymer
matrix improved the hydrophilicity of the composite [28]. In
this study, the introduction of either magnetic nanoparticles
or ferrofluid to the P(3HB) polymer matrix significantly
improved the hydrophilicity of the composite material. The
MNPs were washed with water and acetone after preparation
and later dispersed in chloroform and used for composite
fabrication. This explains why the MNPs are hydrophilic and
subsequently reduced the hydrophobicity of the composites
upon their incorporation. In the case of the FF, though,
after washing with water and methanol after preparation, the
FF was coated with oleic acid before heating under reflux.
The coating with oleic acid reduced the hydrophilicity of
the FE hence the slight reduction in hydrophilicity after
incorporation in the composite when compared to the neat
P(3HB) and composite containing MNPs.

Detailed knowledge of the relationship between the
surface properties of a biomaterial and its ability to absorb
protein when exposed to a protein-containing medium is
very important in the application of a specific biomate-
rial in tissue regeneration. Apart from the very important
physicomechanical properties, a biomaterial should be able
to support cell adhesion, proliferation, and differentiation
and these can be achieved with the help of protein layers
which provide support for the anchorage of cells onto a
biomaterial. When a biomaterial is exposed to cells sus-
pended in a culture medium supplemented with FBS, protein
in the serum is rapidly adsorbed onto the surface of the
biomaterial prior to cell adhesion. The adsorption of cell
adhesive serum proteins, such as fibronectin and vitronectin,
plays a critical role in cell adhesion onto a biomaterial surface
and subsequently determines cell adhesion behaviour [29].
The adsorption of serum protein onto the surface of the 2D
magnetic nanocomposite was possibly due to the synergetic
contribution of increased hydrophilicity, surface chemistry,
and surface charge provided by the incorporated magnetic
materials. Also, the larger surface area provided by the
magnetic nanoparticles possibly played an important role in
the increased protein adsorption observed on the composite
material.

Previous research has shown that very hydrophobic
materials such as polytetrafluoroethyene (PTFE) with a
water contact angle between 105° and 116° inhibit cellular
adsorption. In contrast, hydrophilic materials such as tissue
culture plastic are known to support cellular adhesion [30].
The observations made in this study using the Alamar blue
assay showed that the cells were able to attach to the surface
of the materials (i.e., TCP, neat P(3HB), P(3HB)/MNP, and
P(3HB)/FF) on the first day of the assay. This was most likely
due to the absorbed protein layer which in turn enabled
anchorage for the cells. However, as the incubation time
increased, it was found that cell proliferation on the neat
P(3HB) film reduced as compared to the cell proliferation
on the control and the composite materials. This could
be explained based on the possibility that the absorbed
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protein on the surface of the neat P(3HB) interacted with
the hydrophobic surface of the neat P(3HB) in a manner that
led to changes in the protein conformation and thus resulted
in reduced access of the cells to the ligand moieties needed
for integrin binding and cell attachment. Cell proliferation
was found to increase more with time on the magnetic
nanocomposites than on TCP and the neat P(3HB). This is
probably due to the ability of the magnetic composite material
to provide large surface area and good surface chemistry
which enhanced protein adsorption onto the surface of
the materials. This result was in agreement with the water
contact angles and protein adsorption measured, therefore
confirming that the magnetic nanocomposites are excellent
biomaterials for cellular attachment and proliferation. The
fact that the magnetic materials supported cell attachment
and proliferation showed that they are highly cytocompatible
and can be safely used to improve mechanical properties as
well as provide nanostructured surfaces for cell adhesion and
proliferation in tissue regeneration.

It has been suggested that increased bone formation leads
to increased total protein production by the bone cells [31].
The result of the investigation depicted in Figure 14 shows
that neither MNPs nor ferrofluid had any adverse effect
towards proteins secreted by the cells.

Gopferich has observed that pH is an important factor
that influences the rate of hydrolysis during the degradation
of the polymers [32]. The pH of SBF in which both types of
samples were immersed increased a little above the initial pH
of the buffer (7.35). Since the degradation product of P(3HB)
is a 3-hydroxy butyric acid and the pKa of 3-hydroxybutyric
acid is 4.70, at pH 7.35, the 3-hydroxybutyric acid will be in
the anionic form, that is, the basic form, leading to a rise
in pH of the SBE. However, once the concentration of 3-
hydroxybutyric acid reaches beyond a critical concentration
due to the degradation of the polymer, the SBF is no longer
able to maintain the pH at 735 and the pH falls slightly due
to the acidic nature of 3-hydroxybutyric acid.

In vivo, biomaterial surfaces are usually coated by
components present in the extracellular fluid. However,
the adsorption of extracellular fluid to the biomaterial is
largely dependent on the surface chemistry, charge, wet-
tability, and free energy of the biomaterial which is reg-
ulated by the microstructural features on the biomaterial
surface. The spreading and proliferation observed after day
1 is possibly due to material surface-protein interactions,
micro/nanosurfaces, and chemistry which favoured adhe-
sion, proliferation, and differentiation of cells.

Cell responses to micro/nanosurfaces are expressed in
their ability to attach, proliferate, and differentiate [33].
Ordinarily, it is difficult to determine which structures are
responsible for individual phenotypic traits expressed by
cells grown on different materials. The cells were found to
have anchored to the surfaces of the materials tested, with
flattened morphology that were most often characterized
by extended filopodia reaching out to neighbouring cells.
It is possible that favourable nanostructural surfaces of the
materials provided by the fillers could have influenced the
spreading of the filopodia by the cells. Boyan et al. have
suggested that architectural features present on biomaterial
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surface could have influence on the morphology of the
cells [34]. Such architectural features include micro rough
surfaces and shorter peak-to-peak distances (Figurel) of
pores comparable to the length of the cell body. Boyan et
al. later concluded that cells growing on biomaterial surfaces
with these features are prone to exhibit cuboidal shape while
anchoring to the surface with long dendritic filopodia [34].
Brunette et al. on the other hand observed that cells spread
out and lay flat, resulting in a fibroblastic appearance on
smooth surfaces [35, 36]. However, the cells seeded onto both
TCP and the 2D test materials conform to the characteristic
behaviour of osteoblasts on smooth surfaces. In addition, the
cells grown on the magnetic composite materials produced
thread-like denticles which are crucial for cell to cell com-
munications.

5. Conclusions

This work presents an in-depth analysis of the potential
application of P(3HB)/MNP and P(3HB)/FF nanocomposites
for bone tissue repair. The favourable thermomechanical
properties in combination with the biocompatibility achieved
in this work provided evidence of the future potential of
the P(3HB)/MNP and P(3HB)/FF composites in bone tissue
engineering. Further studies using these promising materials
will involve 3D scaffold fabrication and detailed in vivo work
which will allow the generation of preclinical data. Hence,
in conclusion, the results obtained in this work confirm
the huge potential of the P(3HB)/MNP and P(3HB)/FF
composites in the development of bone tissue repair implants
to meet the current unmet needs in magneto-mechanical
stimulation/activation of cells, magnetic cell-seeding, and
controlled cell proliferation and differentiation in bone repair.
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