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Two semicrystalline polymers were blended to fabricate porous scaffolds for tissue engineering applications. Scaffolds containing
polycaprolactone (PCL)/chitosan and nanohydroxyapatite (nHA) incorporated nHA/PCL/chitosan were produced using the
freeze-drying technique. A model drug, tetracycline hydrochloride (tetracycline HCL), was incorporated into the scaffolds. The
scaffolds were characterized using a scanning electron microscope (SEM), EDX, and water contact angle. The antibacterial
properties of the nHA/PCL/chitosan/tetracycline HCL scaffold were tested and the scaffolds showed positive results on gram-
positive and gram-negative bacteria. The cell biocompatibility using human skin fibroblast cells (HSF 1184) was examined. The
scaffold materials were found to be nontoxic to human skin fibroblast cells (HSF 1184) and showed positive proliferation activities.
The nHA/PCL/chitosan/tetracycline HCL scaffold has potential for controlling implant-associated bacterial infections during

operative procedures and can potentially be used as a scaffold for tissue engineering applications.

1. Introduction

Scaffold-based tissue engineering involves the combination
of an artificial extracellular matrix (ECM) and three-dimen-
sional scaffolds containing living cells and/or regulating
biomolecules, such as growth factors. The scaffold acts as the
central component that mimics ECM, whereas the cells and
growth factors interact with each other to regenerate targeted
tissues [1]. In bone tissue engineering, the scaffold needs to
have several characteristics. It should be an osteoconductive
3D-template, consisting of interconnected pores, and act as a
structural support for newly formed bone [2]. Interconnected
pores play an important role in supporting cell penetration,
new tissue ingrowth, nutrient diffusion, and neovasculariza-
tion.

Polycaprolactone (PCL) is a biodegradable and biocom-
patible polymer with a slow degradation rate. PCL can be
blended with other polymers to improve stress crack resis-
tance, hydrophilicity, degradation rate, and cell adhesion.
Different studies have shown PCL blended with different
polymers, such as cellulose propionate and cellulose acetate

butyrate to manipulate the drug release rate from microcap-
sules [3].

Chitosan has been extensively used in the field of tissue
engineering because it is biodegradable, biocompatible, and
nontoxic; moreover, it has antibacterial properties. Chitosan’s
main functional groups are hydroxyls, acetamides, and
amines that are very reactive [4]. Studies regarding PCL/
chitosan composite scaffolds are still dormant. It was reported
that chitosan enhanced wettability and permeability, accel-
erated PCL hydrolytic degradation, and improved PCL cell
recognition sites [5]. For bone tissue engineering, the use of
tetracycline is still not well studied. Recent studies showed
positive results for the treatment of osteoporotic bone loss
using tetracycline [6-9].

Nanohydroxyapatite (Ca,;,(PO,)s(OH),) is one of the
bioceramics that have similar properties of mineral compo-
nents of natural bone and often can be used as synthetic bone
graft, as drug carrier, and also as metal prosthesis coating
[10]. In fact, addition of nHA to the scaffolds will improve
the in vitro or in vivo performance of the material as the
bioactive compounds like nHA are able to form direct



bonding to the surrounding tissues [10]. PCL/chitosan com-
posite scaffolds were prepared using freeze-drying technique
[11]. Similar to other methods such as particle leaching [12],
wet-spinning [13], and selective laser sintering [14], freeze-
drying technique produces scaffolds with high porosity and
well-connected pores.

In this research, PCL/chitosan composite scaffolds were
synthesized for bone regeneration applications. Three types
of scaffolds, namely, PCL/chitosan, nHA incorporated nHA/
PCL/chitosan, and tetracycline HCL incorporated nHA/
PCL/chitosan, were fabricated and their properties were eval-
uated. Antibacterial properties of the scaffolds were inves-
tigated. In vitro biological evaluations of the scaffolds were
conducted using human skin fibroblast (HSF 1184) cells for
cytotoxicity, cell attachment, and cell proliferation.

2. Materials and Methods

2.1. Materials. Chitosan (medium molecular weight, degree
of deacetylation = 90%) in 2wt% acetic acid solution was
prepared using glacial acetic acid in ultrapure Milli-Q water.
Poly-e-caprolactone (PCL), molecular mass (M,,) 70,000-
80,000, Dulbecco’s modified eagle medium (DMEM), MTT
[3-4,5-dimethylthiazol-2yl {-2, 5 diphenyl-2H-tetrazoliumbro-
mide}], and fetal bovine serum (FBS) were purchased from
Sigma-Aldrich, USA. NaOH and other reagents were all of
analytical grade.

2.2. Methods

2.2.1. Production of nHA. The nHA was prepared in
house using the nanoemulsion technique, where 4.045g
of (NH,),HPO, was dissolved into 700 mL of ultrapure
deionized water in a beaker [15]. Then, 1 M NaOH was added
to the solution until the pH of the solution was 11. The change
in pH was measured using a pH meter. Ultrapure deionized
water was then added for a final solution volume of 1L.
Meanwhile, 11.973 g of Ca(NO;),-4H,O was dissolved in
100 mL of acetone in a Scotch bottle to form the oil phase. The
aqueous phase was transferred into a 2 L beaker and mixed
with the oil phase under stirring at 800 rpm for 0.5 min at
room temperature. The mixed solution was then filtered using
filter paper (gravitational filtration), and the precipitation
was washed several times to remove any organic solvent. The
precipitation was transferred into several small containers
and was refrigerated for one day. The frozen nanoemulsion
was freeze-dried for three days to obtain nHA powder.

2.2.2. Preparation of PCL/Chitosan Composite Scaffolds.
Three composite scaffold samples were prepared: PCL/
chitosan, nHA/PCL/chitosan, and nHA/PCL/chitosan/tetra-
cycline HCL scaffolds. To prepare the 5wt% PCL solution,
PCL (70-90kD, sigma Aldrich) was dissolved in glacial
acetic acid and kept stirring for 30 min at room temperature.
Then, 2wt% chitosan powder (250kD, 80-mesh chitosan,
85% deacetylated) was added to the solution, and the blends
were kept stirring for hours until a clear viscous solution was
obtained. nHA (10 wt%) was added and homogenized using

Journal of Nanomaterials

ahomogenizer, and approximately 0.04 g of tetracycline HCL
was added to the solution and stirred until a viscous solution
was obtained. The solution was then transferred into a mold
and frozen overnight; all of the samples were lyophilized in
a freeze dryer until dried. Then, the scaffolds were cut into
1.2 cm diameter and 0.2 height samples. The scaffolds were
washed with 0.2 M NaOH solution and rinsed with distilled
water several times to remove any residual acetic acid.

2.2.3. Characterization of Composite Scaffolds. The surface
morphologies of all of the scaffolds were examined by
scanning electron microscopy (SEM, Table Top TM3000) and
FESEM (HITACHI SU8020). Water contact angles were mea-
sured using a contact angle instrument (VCA-Optima, AST
Inc., USA). A drop of deionized water was placed onto the
surface of the scaffolds to determine the wettability of each
sample.

2.2.4. Swelling Studies. All of the dry scaffolds were weighed,
noted as W,. Then, the scaffolds were immersed in phosphate
buffered saline (PBS) at pH 7.4 at 37°C for 24 hours. After 24 h,
the scaffolds were removed and wiped with filter paper to
remove any adsorbed water. The wet weights of the scaffolds
were taken, noted as W,,. The ratio of swelling was deter-
mined using the following formula: swelling ratio = W,, —
W,/W,.

2.2.5. Cytotoxicity. Human skin fibroblasts (HSF 1184) were
used in this experiment for the MTT assay of the scaffolds.
HSF cell optimizations were carried out by seeding various
concentrations of cells onto 24-well plates for three days. The
isolated and passaged cells were trypsinized, pelleted, and
resuspended in a known amount of DMEM media. The cells
were counted and diluted to a concentration based on opti-
mization for the cells (2 x 10°/cm?) and seeded onto the 24-
well plate for 24 h. The scaffolds were weighed and immersed
into DMEM for 24 h. The supernatants were taken out and
added to the cell-containing wells at different volumes (0, 10,
30,50, and 100 uL). Triton X-100 (0.1%) was added to the wells
and incubated for three days. Then, the media was removed
and 500 uL of MTT solution (0.05%) was added to the wells.
Cells were incubated for 4h, and 0.1M HCl-isopropanol
buffer was used for dissolving the formazan crystals. The
optical densities were examined using a spectrophotometer
(ELISA microplate reader, Epoch, Biotek) at 570 nm. The
results were compared to controls and analyzed statistically.

2.2.6. Proliferation Activities. Proliferation activities of
human skin fibroblasts (HSF 1184) were monitored in this
experiment on the surfaces of the scaffolds. Cells (2 x 10°/
cm?) were seeded onto the scaffolds, and 1 mL DMEM was
added. All samples were prepared in three replicates for three
days, and the cytotoxicity activities were followed. Readings
were taken on day 1, day 2, and day 3 to form a graph.

2.2.7. Antibacterial Activity. The antibacterial activities of
composite scaffolds were investigated by a zone inhibition
method. The scaffolds were cut into pieces that were 2cm
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FIGURE 1: FESEM image and EDX of the HA nanoparticles.

in height and 1.6 in diameter, in triplicate. Gram-negative
and gram-positive bacteria were used as the model microor-
ganisms. Using the spread plate method, NA plates were
inoculated with 1mL of bacterial suspension containing
approximately 10° cfu/mL of each bacterium. The scaffolds
were gently placed on the inoculated plates and were incu-
bated at 37°C for 24 h. Zones of inhibition were determined by
measuring the clear area formed surrounding each scaffold.

2.2.8. Statistical Analysis. Data analysis was carried out using
Student’s two-tailed ¢-test. A value of P < 0.05 was considered
statistically significant in each ¢-test case.

3. Results and Discussion

3.1. Characterization of Hydroxyapatite. nHA has been
widely used in implantable materials in medicine because
it has good biocompatibility, and for most, its high osteo-
conductive property is very suitable for regeneration of bone
tissues. In this research, nHA, as shown in Figure 1, has been
synthesized using a nanoemulsion freeze-drying technique,
showing amorphous nanoparticles with average sizes of 40—
80 nm, and based on EDX, its Ca-P ratio is 1.53. The range
of Ca/P ratio of nHA is within 1.50-1.67 which is suitable to
promote bone regeneration [15]. The FESEM images of nHA
are shown in Figure 1.

3.2. Characterization of the Scaffolds. All of the scaffolds
were prepared using the frozen solvent extraction method.
Blending PCL and chitosan in a single phase using acetic acid
solution without complex chemical modifications produced
scaffolds with irregular pores and a high pore distribution.
Figure 2 shows SEM images of the scaffolds. All of the scaf-
folds show highly interconnected porous structures. The aver-
age pore sizes of the PCL/chitosan, nHA/PCL/Chitosan, and
nHA/PCL/chitosan/tetracycline HCL scaffolds were 59.47 +
20.8, 12.39 + 5.2, and 34.55 + 13.8 um, respectively. These
structures are very vital to tissue engineering applications
as they allow the harboring of cells, cell penetration and
migration, tissue ingrowth, vascularization, and nutrient
supply within the targeted area [16]. Other aspects should also
be considered because the images showed the roughness of

the walls of the scaffolds, which will help cell adhesion and
spreading.

Comparing pure chitosan scaffold to PCL/chitosan scat-
fold, the surface morphology of the pure chitosan showed
closed pores, whereas the blended chitosan showed elongated
and irregular pores. However, both of them showed very good
connectivity between the pores, which is advantageous for
tissue ingrowth. Another reason for these phenomena is that
the blend of PCL and chitosan using this simple method did
not involve any chemical modifications of the polymer in
advance.

3.3. Contact Angle and Swelling Studies. The results from
the contact angle measurements of the three scaffolds, as
shown in Table 1, showed angles within the range of 75.0° to
65.0°, which indicated that the surfaces of the scaffolds were
hydrophilic. The results also showed that the wettability of
the composite scaffold of nHA/PCL/CHT increased. All of
the scaffolds were hydrophilic because of the amino groups
present on the surfaces of the scaffolds.

From Figure 3, showing the results of the swelling studies,
the nHA/PCL/chitosan scaffold retained the most water,
followed by the nHA/PCL/chitosan/tetracycline HCL and the
PCL/chitosan scaffolds after a 24-hour incubation period in
phosphate buffered saline (PBS), pH 7.4, at 37°C. Chitosan is
more hydrophilic than PCL, which is hydrophobic, whereas
blending of these two polymers changes the wettability of
the composite scaffold. The mechanical properties of the
scaffolds are related to the swelling of the scaffolds. The
swelling effect will loosen the scaffold from its implanted
site and generate unnecessary stress on surrounding tissues.
PCL/chitosan scaffolds showed the lowest swelling compared
to the other scaffolds, indicating that it had good mechanical
strength to support bone tissue in growth. These results also
proved that HA improved the rate of water absorption into
the scaffolds.

Blending has increased the ability of PCL to absorb
water, while retaining its unique characteristics, such as low
degradation rate and high mechanical strength [5]. The com-
bination of both polymers produced scaffolds that have high
porosity, are hydrophilic, have high mechanical strength, and
have longer degradation rates [5].
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FIGURE 2: SEM images of (a) PCL/chitosan; (b) nHA/PCL/chitosan; (c) nHA/PCL/chitosan/tetracycline HCL scaffolds.

TaBLE 1: Contact angle measurements of the different types of scaffolds.

Scaffold PCL/CHT nHA/PCL/CHT nHA/PCL/CHT/TTC HCl
70.925° +2.99 59.25° +2.22 60.25° + 6.75

Angles: (65.90°.66.307)

g 2w ‘Angies: (60.2061.007)

Contact angle

~

() ©

- | I I
0 I

PCL/CHT nHA/PCL/CHT nHA/PCL/CHT/TC HCL

>
w

) w
— N W

Swelling ratio

—_

(=]
v

FIGURE 3: Swelling ratio for the three types of scaffolds: (a) PCL/chitosan; (b) NHA/PCL/chitosan; (c) nHA/PCL/chitosan/tetracycline HCL.
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FIGURE 4: Cell viability of seeded HSF 1184 (cell 2 x 10°/cm?)
using MTT assay. MTT assay was performed after 72h treatment
of different concentration of scaffolds 0.5, 1.5, 2.5, and 5.0 mg/mL
for each sample: (a) PCL/chitosan scaffolds, (b) nHA/PCL/chitosan
scaffolds, and (c) nHA/PCL/chitosan/tetracycline HCl scaffolds and
control (cell without treatment). The treatment was carried out with
3 replicates (n = 3). The statistical significant analysis paired ¢-test
at P < 0.05 was indicated (*) compared to control cells.

3.4. Cytotoxicity. For applications as implants, it is critical
that the scaffolds are biocompatible with mammalian cells.
Scaffolds that are toxic or release toxic byproducts or waste
will kill the cells and worsen the conditions of the tar-
geted implant area. Therefore, the toxicities of the scaffolds
were examined by indirect MTT assays using human skin
fibroblasts (HSF 1148) as the model cells. This study used a
calorimetric method for measuring the ability of live cells to
reduce the tetrazolium salt in the MTT into formazan crys-
tals. Figure 4 shows the MTT assay results after three days of
treatment. Among all the treatments with different concen-
tration of conditioned media obtained from the scaffolds, it
was observed that there was no significant decrease in cell
viability compared to control cells, while the cells treated with
Triton-X that acted as positive control showed higher toxicity
compared to control cell (without treatment). The viability
test was statistically analysed using Student’s two-tailed ¢-test;
a value of P < 0.05 was considered statistically significant.
These results showed that all of the fabricated scaffolds were
nontoxic towards HSF-1184 cells. As the cytotoxicity assay
confirmed nontoxicity of scaffolds to HSF-1184 cells via sev-
eral concentrations, the treatment was carried forward to cell
proliferation activities as shown in Figure 5.

3.5. Proliferation Activities. Cell proliferation was performed
to evaluate the ability of HSF 1184 cells to grow on the surface
of all scaffolds. The proliferation was assessed by measur-
ing the metabolic activity of the cells using MTT assay.
Overall analysis is shown in Figure 5 which indicates the
proliferation activities of the cells grown on the surface of
the PCL/chitosan scaffolds, nHA/PCL/chitosan scaffolds, and
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FIGURE 5: Cell proliferation of seeded HSF 1184, (cell 2 x 10°/cm?)
by MTT assay. MTT assay was performed after day 1 to day 3
for each sample: (a) PCL/chitosan scaffolds, (b) nHA/PCL/chitosan
scaffolds, and (c) nHA/PCL/chitosan/tetracycline HCl scaffolds. The
treatment was carried out with 3 replicates (n = 3). The statistical
significant analysis paired t-test at P < 0.05 was indicated (x)
compared to control cells.

nHA/PCL/chitosan/tetracycline HCI scaffolds. The cell pro-
liferation significantly increased in all the scaffolds com-
pared to control for day 1 to day 3. Moreover, the HA/
PCL/chitosan/tetracycline HCL (139.12 + 3.71) and nHA/
PCL/chitosan (100.73 + 3.25) scaffolds showed higher pro-
liferation than PCL/chitosan (81.76 + 5.58) scaffolds and the
control (56.40 + 2.51) at day 3.

This difference may be caused by cells undergoing specific
morphological changes to stabilize the cell-material interface
involving cell adhesion and spreading. One of the reliable
hypotheses is that addition of nHA and tetracycline HCL
helped to improve the cell’s ability to grow and proliferate
much faster on the surface of the scaffolds. Following pro-
liferation, cells undergo filopodial growth, cytoplasmic web-
bing, flattening of the cell mass, and ruffling of peripheral
cytoplasm [17]. These results proved that the cells were suc-
cessfully attached to the surfaces of the scaffolds and able to
proliferate throughout the scaffolds. Cell attachment and pro-
liferation on the surfaces of the scaffolds are shown in
Figure 6.

As shown in Figure 7, the micrographs showed cells,
spherical or roughly spherical in shape, with smooth rounded
surfaces, which indicates two types of physical appearances of
cells during proliferation: cells in the advanced stage of
adhesion and the early stage of spreading. The filopodia
extensions have been reported as being associated with
substrate-exploring functions for various cell types, express-
ing long transient filopodia in their spherical state prior to
spreading. However, due to HSF cells interacting and inte-
grating well with the scaffolds, the ends of the dendritic exten-
sions penetrating into the walls of the scaffolds, and the over
confluence of the cells, differentiation by SEM is difficult.

3.6. Antibacterial Analysis. Chitosan is widely used as an
antimicrobial agent either alone or blended with other
natural polymers because it has high biodegradability, is
nontoxic, and has antimicrobial properties [18, 19]. Bacterial
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FIGURE 6: Attachment of human skin fibroblasts (HSF 1184) on the surfaces of the scaffolds.
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FIGURE 7: SEM micrograph of HSF (1184) cells cultured on the
scaffolds for three days shows cells in the advanced stage of adhesion,
when cells adhere to the surface with short filopodia (black arrows)
extending into long conical protrusions (dendritic extensions, white
arrows) that interpenetrate into the scaffolds.

contaminations during operative procedures, such as open
procedures, always have contamination risks; however, the
presence of biomaterials increases the risk of infection due
to their susceptibility to bacterial colonization. In fact, the
pores or porous structure of the scaffold is more likely to be a
suitable place for bacterial colonization. Antibacterial anal-
ysis of the PCL/chitosan, nHA/PCL/chitosan, and tetracy-
cline HCL/nHA/PCL/chitosan composite scaffolds using E.
coli (gram-negative bacteria) and Bacillus cereus (gram-
positive bacteria) has been conducted, and the results are
shown in Table 2 and Figure 8.

The results showed a negative result for the PCL/chitosan
and nHA/PCL/chitosan scaffolds toward E. coli and Bacillus
cereus, even though chitosan has been well studied for its
nontoxic, antibacterial, biodegradable, and biocompatible
properties [20]. This result showed that blending PCL with
chitosan had no antibacterial properties of the chitosan as the
content is low. Enhancing the antibacterial properties of the
blend, tetracycline HCL incorporated into the scaffold
showed good results on gram-positive and gram-negative
bacteria. The scaffolds produced using this technique could
be used successfully in tissue engineering applications as they

TABLE 2: Antibacterial analysis of the scaffolds with gram-positive
and gram-negative bacteria.

Results
Samples (scaffold) Bacteria (diameter
of inhibition zone (cm))
PCL/chitosan E. coli - - -
Bacillus . . .
cereus
E. coli — — —
PCL/chitosan/nHA Bacillus
cereus - - -
PCL/chitosan/nHA/ E (TOh L7 19 20
Tetracycline HCL Bacillus 27 28 28
cereus

exhibit suitable properties such as porous structure, pore
sizes, wettability, and nontoxicity [21, 22].

4. Conclusions

PCL/chitosan, nHA/PCL/chitosan, and nHA/PCL/chitosan/
tetracycline HCL scaffolds were successfully fabricated. The
scaffolds had suitable pore sizes, which are very important for
cell penetration, adhesion, and spreading. The scaffolds were
nontoxic when tested on human skin fibroblasts (HSF1184).
However, incorporation of nHA after blending chitosan with
PCL increased the wettability or hydrophilicity of the scaf-
folds. Tetracycline HCL drug was incorporated to enhance
the antibacterial properties of the scaffolds. The scaffolds were
produced with suitable properties for tissue engineering
applications.
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FIGURE 8: Antibacterial analysis of the scaffolds: ((a), (d)) PCL/chitosan, ((b), (e)) nHA/PCL/chitosan, and ((c), (f))
nHA/PCL/chitosan/tetracycline HCL on Bacillus cereus (gram-negative) and E. coli (gram-positive) bacteria.
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