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Abstract: The use of biodegradable polymeric scaffolds for tissue regeneration is becoming a
common practice in the clinic. Therefore, an inclined trend is developing with regards to improving
the mechanical properties of these scaffolds. Here, we aim to improve the mechanical properties of
poly (butylene succinate) (PBS)/poly (I-lactic acid) (PLLA) blends by incorporating hydroxyapatite
nanoparticles (HAP) in the blends to form composites. PBS/PLLA = 100/0, 95/5, 90/10, 85/15, and 0/100
wt% blends, along-with the loadings of a few mg of HAPs, were prepared using the solution casting
method. A scanning electron microscope showed the voids and droplets, indicating the immiscibility of
blends. Due to this immiscibility, the tensile strength values of the blends were found to be in between
that of pure PBS (42.85 MPa) and pure PLLA (31.39 MPa). HAPs act as a compatibilizer by incorporating
themselves in the voids and spaces caused by the immiscibility, thus increasing the overall tensile
strength of the resulting composite to a certain extent, e.g., the tensile strength of PBS/PLLA = 95/5
loaded with 50 mg HAPs was found to be 51.16 MPa. The structural analysis employing the X-ray
diffraction (XRD) patterns confirmed the formation of polymer blends and composites. The contact
angle analysis showed that the addition of HAPs increased the hydrophilicity of the resulting
composites. Selective samples were investigated based on mechanical properties to see if the blends
and composites are biocompatible. The obtained results showed that all of the samples with better
mechanical properties demonstrated good biocompatibility. This indicates the effectiveness of
scaffolds for tissue regeneration.
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1. Introduction

For the reconstruction and functional recovery of injured bone, researchers around the globe are
working on bone tissue engineering by designing novel materials that are not only biocompatible,
but also biodegradable [1-5]. However, despite the research in this field, non-biodegradable implants
for regenerating injured bone are still in use. The incorporation of these permanent biomaterials for
the reorganization of functional tissues causes them to stay in the body forever [6-9]. Nevertheless,
this growing research field is in pursuit of finding a solution regarding biodegradable cum bioactive
materials with mechanical and thermal properties comparable to those of bones. As far as the mechanical
properties of bone tissues are concerned, the biomaterials should bear the same properties and should also
favor the cellular functions, such as cell adhesion, proliferation, migration, and differentiation [10,11].
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To achieve the required mechanical properties of polymers, different blends and composites are
prepared, and surface modification is performed to achieve the desired surface and biological properties.
Numerous hybrid composite biomaterials or scaffolds prepared from combinations of either natural or
synthetic materials have been investigated to obtain the synergistic properties required for bone tissue
engineering [3,12-20].

Biodegradable polymers have gained much importance in biomedical applications, especially
aliphatic polyesters such as poly (I-lactic acid) PLLA and poly (butylene succinate) (PBS). PLA has
been successfully used in bone fracture fixation and tissue engineering scaffolds and has exhibited
various advantages over non-degradable materials, such as an absence of stress shielding effects,
the lack of a need for re-surgery for the removal of implants, and its ability to be molded into
any kind of shape [21-25]. PLLA material has been used for more than a decade in orthopedic
surgery, owing to its good biocompatibility in applications such as bone substitutes, bone fixation,
tendon reconstructions, and the repair of osteochondral defects and ligaments. Apart from being
highly biocompatible, PLLA also displays favorable biophysical properties and is thus considered a
good candidate for artificial subcutaneous prostheses and cardiovascular surgery applications [26].
On the other hand, PBS has shown promising potential applications in the biomedical industry
due to its enhanced processability and biocompatibility, and its impact strength is similar to that of
polyethylene and polypropylene. Moreover, the osteo-conductive properties of PBS have been verified
by its better cellular adhesion and proliferation (both in vitro and in vivo) [27-29]. Most importantly,
inside the body, PBS primarily degrades into succinic acid, with final harmless degradation products
of H,O and CO, [30]. However, PBS fails to meet all of the requirements due to its slow degradation
rate and lower tensile strength [31].

Hydroxyapatite (HA) is a form of bio-ceramic material that is chemically similar to bones and hard
tissues found in humans. HA is biocompatible with our biological system and does not cause any
harm or toxicity. It is also the principal component of natural bone, with a chemical formula of
Caj9(PO4)s(OH); and hexagonal structure. About 70% of bone is comprised of hydroxyapatite with
a calcium to phosphorous ratio of 1.67. Due to its excellent biocompatibility, synthetic HA can be
rapidly integrated into the human body [32,33]. Although this material is highly biocompatible,
its application in the field of biomaterials is limited due to its fragility, low mechanical strength,
easy rupture, and weak fatigue resistance [34]. For this reason, HA nanoparticles (HAPs) are used as a
nano-filler in the polymer matrix for withstanding the load and to achieve synergistic properties of HA
and the biopolymer. Eftekhari et al. [35] fabricated a PLLA/cellulose/HA nanocomposite that resulted
in an improvement of the Young’s modulus value from 6.6 to 38 MPa (required for trabecular bone).
Moreover, Huang et al. [36] investigated the degradation rate and mechanical strength of a PLLA/n-HA
(nano-hydroxyapatite) composite compared to neat PLLA and found that the PLLA/n-HA material
had enhanced properties compared to PLLA material for artificial bone. Furthermore, Li et al. [37]
experimented with in vitro mineralization and cell culture of n-HA/PBS porous scaffolds, and from
the results, found that these scaffolds have a good osteogenic capacity and cell compatibility. Similarly,
a lot of research has been conducted on biodegradable polymer-based scaffolds; however, finding a
suitable material that has all the properties of natural bone is still a major challenge.

In this study, we prepared PBS/PLLA/HAPs composites by the solution casting process. To the best
of our knowledge, no work has previously been reported for this composite. By varying the composition
of the HAP content in the PBS/PLLA blends, a range of HAP-reinforced PBS/PLLA composites were
obtained and discussed. The mechanical properties and cell biocompatibility were also investigated
and discussed.
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2. Experimental Method

2.1. Chemicals and Materials

PLLA (MW-80,000-100,000; Polysciences Inc., Taipei, Taiwan), PBS (BioPBS, FZ91PM, PTT MCC
Biochem Co. LTD., Bangkok, Thailand), calcium nitrate tetrahydrate (CA 0231; reagent grade, Scharlau,
Barcelona, Spain), di-ammonium hydrogen phosphate (extra pure NF, Scharlau, Barcelona, Spain),
ammonia solution (32%; Emplura Merck, Darmstadt, Germany), and chloroform (99-99.4: GC; Sigma
Aldrich, Steinheim, Germany) were employed in this study.

2.2. Synthesis of Hydroxyapatite Nanoparticles (HAPs)

The stepwise synthesis of HAPs using the reported method [38] is as follows:

i A total of 130 g of calcium nitrate tetrahydrate (Ca(NOj3),-4H,0) was dissolved in 800 mL distilled
water, followed by continuous stirring, while maintaining the temperature at 80 °C and pH at 12
by adding ammonia solution;

ii ~ Separately, 38 g of di-ammonium hydrogen phosphate ((NH4),HPO,) was dissolved in 550 mL
distilled water under similar conditions;

iii ~ Ca(NOj3),-4H,O solution was added drop wise to (NH4),HPO, solution and the obtained solution
was stirred for 2 h at 80 °C;

iv  For the precipitation of HAPs, the obtained solution was left for 24 h at room temperature
and afterwards, was repeatedly washed with distilled water;

v After washing, the solution was filtered and the obtained powder (HAPs) was dried at 80 °C for
24 h. The dried powder was calcined at 550 °C for 3 h.

To confirm the structural formation of HAPs, X-ray diffraction (XRD) was performed, as shown
in Figure 1a, and the diffraction peaks matched the reference pattern JCPDS Card No. 09-0432 for
HA. For the morphological studies, scanning electron microscopy (SEM) was performed, as shown in
Figure 1b. The morphology obtained depicted the agglomeration of spherical-shaped HAPs. The size
of the nanoparticles was found to be around 80 + 20 nm.
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Figure 1. (a) X-ray diffraction (XRD) of synthesized hydroxyapatite nanoparticles (HAPs). (b) Scanning
electron microscopy (SEM) image of the powder HAPs.

2.3. Preparation of PBS/PLLA Polymer Blends

To prepare the polymer blends of polybutylene succinate (PBS) and poly (l-lactic acid) (PLLA),
the solution casting method was employed. Both polymers were taken in different amounts (total
amount taken as 1 g) to form various concentrations with respect to each other, i.e., PBS/PLLA = 100/0,
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95/5, 90/10, 85/15, 80/20, 70/30, 50/50, and 0/100 in weight fraction. The respective amounts of each
polymer were dissolved in 15 mL of chloroform separately. The solutions were stirred continuously for
24 h so that the polymers were completely dissolved. Both solutions were mixed and stirred again
for 24 h so that a uniform blend of both polymers was obtained. The blend was cast in a Petri dish
and dried at 50 °C for 4 h in an oven. Upon the completion of drying, a uniform film of polymer blend
with a 0.1 mm thickness was obtained.

2.4. Preparation of the PBS/PLLA/HAP Composite

To prepare the composite of a previously obtained polymer blend with hydroxyapatite nanoparticles
(HAPs), an extra step was introduced before the drying of the blend. Different amounts of HAPs, i.e., 10,
20, 50, and 100 mg, were dispersed in 10 mL chloroform along with 10 mg of SDS (coupling agent).
This dispersion was also stirred for 24 h and then added to the polymer blend solutions. The solution
obtained was further stirred for 24 h, followed by the same steps of drying and casting mentioned above.
The composite film obtained was, for example, 95/5/10, i.e., in PBS/PLLA (95/5) blend, 10 mg of HAPs
was added. The same nomenclature was followed while designating all of the obtained composite films.

2.5. Characterization

Investigations of the surface properties and biological response were performed on the upper
surface of the obtained films. The samples obtained from these films were characterized by
the following techniques.

The tensile properties of polymer blends and nanocomposites were tested according to ASTM
D882 on a universal testing machine (Shimadzu AGX Plus, Kyoto, Japan) at a constant crosshead
speed of 1 mm/min and using a load cell of 20 kN. The dimensions of the tensile specimen were
2cm X 1 em X 0.1 mm (L X W x T). The tensile strength data were obtained by averaging five specimens
of each sample and the results are reported as the mean + SD.

The surface morphology of polymer blends and the PBS-PLLA-HAP composite was investigated
by SEM studies carried out on the Jeol JSM-6490A (Tokyo, Japan).

XRD analysis was performed by using a Siemens D5005 STOE & Cie GmbH (Darmstadt, Germany)
manufactured XRD machine using a Cu Kot (A = 0.15418 nm) radiation source operating at a current of
40 mA and voltage of 40 KV.

The static contact angle of the as-prepared samples was measured by a Kruss DSA 25 (Hamburg,
Germany) Goniometer using a sessile drop (water) at room temperature (20 °C) for 0-20 s. The contact
angle data were obtained by averaging five specimens of each sample and the results are reported as
the mean + SD.

The Hela cell line was obtained from ATCC (Manassas, VA, USA) and mCherry-ER was
obtained from addgene (Watertown, MA, USA). Hela cells were used as a model system to check
the biocompatibility and general response of the polymer, blends, and composite samples against
the cell line. mCherry labeled Endoplasmic Reticulum (ER) was cultured and maintained in DMEM
media at 37 °C under normal humidity. The samples were sterilized using ethanol, washed by
Phosphate Buffer Saline (PBS), and finally dried before cell seeding. Sterilized selected polymer blends
and composites were placed in 24-well plates and cells in suspension were added on the top. The cells
were grown on the samples for 24 h and transferred to a fresh plate, fixed with 4% PFA for 8 min at room
temperature. The samples were washed with PBS twice and then subjected to imaging. The images
were obtained using Axio Imager A1l (Zeiss microscope, Oberkochen, Germany), with a 20X objective.
For cell viability measurement, the cells were incubated at room temperature for 30 min and transferred
to a fresh plate, and 400 pL of media from the old plate was added. Cells were incubated with 200 uL
of CellTiter-Glo (R) (Promega G7570, Wis, USA) and shaken for 10 min, and the luminescence was
then measured using a plate reader. The mean cell viability was calculated from three independent
experiments and statistical analysis was performed using the ANOVA model.
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3. Results and Discussion

Our study demonstrates a solution casting procedure for the preparation of composite
scaffolds of PBS/PLLA polymer blends with hydroxyapatite nanoparticles for orthopedic application.
Figure 2 presents a schematic procedure of the PBS/PLLA/HAP composite.

PBS \\ PLLA —\ PBS/ PLLA Blend HAPs
+ Mlxed

Chloroform hloroform 10mg
SDS

!
Stirring for 24 Hours Stirring for 24 Hours

PaXIN

PBS/ PLLA /HAPs Composite

“ Transferred to 1

Drying at 50 °C Petri Dish
for 4 Hours

N V u 5
Obtained Composite Film ﬁ

Stirrina for 24 Hours

Figure 2. Scheme of the solution casting method for HAP-reinforced poly (butylene succinate)
(PBS)/poly (I-lactic acid) (PLLA) polymer blend composites (PBS-PLLA-HAPs).

3.1. Mechanical Properties of PBS/PLLA Polymer Blends and PBS/PLLA/HAP Composites

The tensile strength of the PBS-PLLA polymer blends is given in Figure 3. The tensile strength of
pure PBS (42.85 MPa) is higher than that of pure PLLA (31.39 MPa). The addition of different wt%
of PLLA to pure PBS reduces the tensile strength because the two phases are immiscible with each
other [39]. The greater the addition of PLLA, the more the immiscibility results in the generation of
stress concentrators at the interface of the two polymers, resulting in crack initiation. In this situation,
the mechanical properties of the blends are decreased. As it is evident from Figure 3 that the tensile
strength value for PBS/PLLA = 80/20, 70/30, and 50/50 has not improved much, no further treatments
and characterizations were performed for them. Since polymers are immiscible, there is likely
no interface/bonding between the two phases. HAPs are incorporated in these spaces and act
as a compatibilizer, thus increasing the overall tensile strength of the blend to a certain extent.
After reaching their threshold limit, HAPs start to make a separate phase and since hydroxyapatite is
brittle in nature [40], its presence as a separate phase will result in the generation of a prominent ‘stress
concentration area’, causing an overall decrease in the tensile strength. To evaluate the effect of HAPs
on the overall tensile strength of the PBS-PLLA polymer blends, HAPs in different amounts (10, 20,
50, and 100 mg) were loaded in PBS/PLLA = 95/5, 90/10, and 85/15 to prepare the PBS-PLLA-HAP
composites. The tensile strength of the PBS-PLLA-HAP composites is given in Table 1.
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Figure 3. Tensile strength values of PBS-PLLA polymer blends.

Table 1. Tensile strength values of PBS-PLLA-HAP composites.

80/20
PBS/PLLA

70/30

0/100

PBS/PLLA  HAPs (mg)

Tensile Strength (MPa) (Mean + SD)

0 39.2+2.0

10 39.9+28

95/5 20 39.0+17
50 512+1.3

100 43.1+0.8

0 33.8+1.0

10 569 £ 1.4

90/10 20 45.0+2.0
50 239+28

100 29.6 £+ 1.5

0 30.1+21

10 262+19

85/15 20 279 +£0.2
50 275+1.1

100 178 +29

6 of 15

As is evident from Table 1, with the 85/15 blend, HAP loadings did not result in an improvement
of the tensile properties, while 95/5 and 90/10 blends showed a considerable increase in the overall
tensile strength of the composite. The reason behind this result may be that, since PBS and PLLA are
immiscible, as long as both polymers are equal in ratio, immiscibility will result in the generation of
larger spaces for the HAPs to fill at the interface of the two polymers. If the amount of HAPs increases
in a certain area, they will agglomerate, causing a separate brittle phase to grow in the composite.
This brittle phase decreases the tensile properties of the overall composite. From the overall results of
the mechanical properties, we concluded that keeping the PBS/PLLA weight ratio at around 90-99/10-1
and 50 mg HAP loading can greatly enhance the overall mechanical properties of the PBS-PLLA-HAP

composite to be used as scaffold for bone tissue engineering.
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3.2. Morphological Studies of PBS/PLLA Polymer Blends and PBS/PLLA/HAP Composites

SEM was used to analyze the surface morphology of base polymers, polymer blend samples,
and HAP-incorporated polymer blends. Figure 4a,b shows the surface morphology of pure PLLA
and pure PBS, respectively, while Figure 4c,d depicts the surface of PBS/PLLA = 95/5 and its cross
section, respectively. Pure polymers were flat and had mostly smooth surfaces with no signs of pores;
however, in the 95/5 blend, voids and droplets were quite visible on the surface, as well as in the cross
section. These voids indicate the immiscibility of the blend. The same morphological behavior was
observed in the rest of the blends.

5kv X2,000 10pm 2019 1545 SEI 5kv X2,000 10pum 2019

o>

-
: % . SN
| ‘ o la ey WS

5kV X2,000 10pm 2019 1545 SEI X430 50um 2019 1445 SEI

Figure 4. SEM images of (a) pure PLLA, (b) pure PBS (c), the 95/5 blend, and (d) the cross section of
the 95/5 blend.

In the HAP-incorporated polymer blend composites, e.g., PBS/PLLA = 95/5, as shown in
Figure 5, SEM micrographs revealed that the HAPs were randomly distributed in the polymer
blends. At increased concentrations of HAPs in the polymer blends, the presence of HAP filler can
be indicated by bright white spots in the micrographs. It was observed that at lower concentrations
of HAPs, such as 10 and 20 mg in the matrix, their dispersion is quite homogenous, with the least
agglomeration. At lower concentrations of HAPs, no visible cracks were found on the surfaces of
the polymer blend matrix, indicating good adhesion between the polymer blend matrix and HAP
filler material. At higher concentrations of HAPs, voids start forming inside the matrix material.
This is because, when there is a higher concentration of HAPs in the matrix, HA to HA interaction
increases (causing agglomeration), thus decreasing the interaction of filler with the matrix. This leads
to the detachment of HAPs from the matrix, causing a decline in the mechanical properties at higher
concentrations of HAPs in the matrix. Almost the same trend was observed in HAPs incorporated in
PBS/PLLA = 90/10 and 85/15.
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Figure 5. SEM images of PBS/PLLA = 95/5 with (a) 10 mg HAPs, (b) 20 mg HAPs, (c) 50 mg HAPs,
and (d) 100 mg HAPs.

3.3. Structural Studies of PBS/PLLA Polymer Blends and PBS/PLLA/HAP Composites

To determine the structural formation of polymer blends and composites, XRD analysis was
performed. In Figure 6a, XRD plots of pure PBS; pure PLLA; and PBS/PLLA = 95/5, 90/10, and 85/15
polymer blends are shown. The peaks of PBS and PLLA identified are marked accordingly. The PLLA
peak at 26 = 17 and 19 corresponds to (110) and (203) planes, respectively. Similarly, the PBS peak at
20 =21.5 and 22.4 corresponds to (021) and (110) planes, respectively. The XRD results for polymer
blends show that the peaks of both the polymers are evident and as the PLLA composition increases,
PLLA peaks become more prominent and their intensity also increases. In Figure 6b-d, the HAP
peak at 20 = 32 corresponds to the (211) plane and it is clear that as HAP loading increases to 100 mg,
the HAP peak becomes more pronounced, confirming the formation of a separate phase of HAPs
in the composite. Up to 50 mg loading, HAPs are mostly dispersed homogeneously in the polymer
blends. The XRD patterns confirm the formation of PBS/PLLA/HAP composites.

3.4. Contact Angle Analysis of PBS/PLLA Polymer Blends and PBS/PLLA/HAP Composites

The surface wettability of scaffolds used for bone tissue engineering should be intensively studied
as, for cell growth and proliferation, the surface should be hydrophilic [41]. The surface wettability
of polymer blends and composites was studied by measuring the static contact angle with a sessile
drop of distilled water deposited on the sample surface. Surface wetting was examined by measuring
the contact angle formed between the water drop and the surface of samples. It was observed that
the PLLA (54°) is more hydrophilic than the PBS (80°), as Figures 7 and 8a show that, as the composition
of PLLA is increased in PBS, the contact angle values exhibit a gradual decrease. HA is hydrophilic
and with the addition of different amounts of HAPs in the polymer blend, the contact angle value
further decreased. As this criterion is followed, pure PBS should have the highest contact angle value,
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while 100 mg HAP-loaded PBS/PLLA = 85/15 should have lowest contact angle value. The results
shown in Figure 8a—d satisfy this criterion very well; the value of the contact angle for pure PBS is 80°,
while the value of the contact angle for 100 mg HAP-loaded PBS/PLLA = 85/15 is 18°. The presence
of HAPs in the polymer blend leads to increasing water absorption and a hydrophilic character of
the PBS/PLLA/HAP composite, which would favor good cell growth, proliferation, and viability in
these materials [42].
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Figure 6. XRD of (a) polymer blends, (b) HAPs incorporated in PBS/PLLA = 95/5, (c) HAPs incorporated
in PBS/PLLA = 90/10, and (d) HAPs incorporated in PBS/PLLA = 85/15.

3.5. Biological Response of PBS/PLLA Polymer Blends and PBS/PLLA/HAP Composites

The endoplasmic reticulum (ER) is the most dynamic and abundant organelle of cells, spreading
throughout them. ER responds to any stress at the earliest point in time and thus serves as an efficient
marker for cellular stress culture in biomaterial with different stiffnesses. Selective samples were
investigated based on the mechanical properties to see if the blends and composites are biocompatible.
Figure 9a shows less viable cells on pure PLLA, whereas the PBS surface demonstrated healthy
viable cells. Following this, the cells were cultured on PBS/PLLA = 95/5, 90/10, and 85/15 polymer
blends and all of these materials displayed good biocompatibility with normal cell shapes. Finally,
the composite with the best mechanical properties, i.e., PBS/PLLA = 90/10 with 10 mg HAP loading,
was also investigated and exhibited healthy cells on the surface. As stated earlier, a surface that
exhibits more cellular stress negatively responds to cells. Therefore, a composite surface with healthy
and viable cells demonstrates that the cells are not experiencing any stress. Moreover, the presence
of HAPs would show osteo-conduction and help in cell differentiation, as per reported literature.
As far as tissue regeneration is concerned, biocompatibility and cell viability on the surface of a scaffold
represent the first step. Here, the results show that all of the samples with better mechanical properties
demonstrated good cell viability. This not only indicates the biocompatibility of the scaffolds, but also
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its effectiveness for tissue regeneration. The fluorescence was quantified using image J software
and plotted in Figure 9b to present the quantified data. Figure 9b also demonstrates that the selective
samples that were tested were all biocompatible and hence can be further characterized for their
detailed biological response.

(b)
Figure 7. Contact angle: (a) Pure PLLA and (b) pure PBS.
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Figure 8. Values of the contact angle: (a) Polymer blends, (b) HAPs incorporated in PBS/PLLA = 95/5,
(c) HAPs incorporated in PBS/PLLA = 90/10, and (d) HAPs incorporated in PBS/PLLA = 85/15.
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Figure 9. (a) Endoplasmic reticulum stained cells cultured on different samples, including pure PBS,
PLLA, blends, and composites. (b) Quantification of the fluorescence intensity of endoplasmic reticulum
stained cells cultured on different samples, including pure PBS.

The data of CellTiter-Glo(R) for all of these samples are also presented in Figure 10. The quantitative
data demonstrate and validate the results presented in Figure 9a,b. Figure 9 (both (a) and (b)) shows
that all of the scaffolds that were tested were biocompatible and cells were viable in terms of growth.
Pure PLLA showed less cell viability in the first 24 h and the same can be seen in Figure 9a,b.
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Figure 10. Cell viability results of pure polymers, polymer blends, and PBS/PLLA = 90/10 with 10 mg
HAP loading. The graph represents three independent replicates. Only the PLLA to PBS difference is
significant (p value = 0.001) and the rest are non-significant compared to PBS.

4. Conclusions

Scaffolds of PBS/PLLA/HAP composites were prepared by the solution casting method for
an investigation of the improved mechanical properties and biocompatibility. SEM indicated that
the PBS/PLLA blends are immiscible, resulting in the formation of voids. The loading of different
amounts of HAPs in these blends filled the voids and thus improved the overall mechanical properties
of the resulting composites to a certain threshold limit. From the overall results of the mechanical
properties, it was concluded that keeping PBS/PLLA wt% at around 90-99/10-1 and 50 mg HAP
loading can greatly enhance the overall mechanical properties of the PBS/PLLA/HAP composite to
be used as a scaffold for bone tissue engineering. Hela cells, when cultured on the selective samples,
demonstrated excellent biocompatibility and cell attachment on the polymer blends loaded with
HAPs. This study was only focused on determining the biocompatibility and cell attachment of
the scaffolds. Following this study, cell proliferation and differentiation can be studied in the future to
better understand the relationship between the scaffolds and their capability for tissue regeneration.

Author Contributions: Conceptualization, Z.H. and U.L.; methodology, M.A K., Z.H., U.L. and M.A L.; validation,
M.A K, Z.H., UL. and M.A.L.; formal analysis, M.A K., M.A.L. and M.Z,; investigation, M.A K., M.A.L. and M.Z,;
resources, Z.H. and U.L.; data curation, M.A.K., M.A L. and M.Z.; writing—original draft preparation, M.A K.,
M.A L. and M.Z,; writing—review and editing, Z.H. and U.L.; visualization, M.A K., Z.H., and U.L.; supervision,
Z.H. and U.L,; project administration, Z.H. and U.L.; funding acquisition, Z.H. All authors have read and agreed
to the published version of the manuscript.



Nanomaterials 2020, 10, 1778 14 of 15

Funding: This project is an extension of a previous HEC Project no. 203052 that has already been completed
and was submitted to the funding agency after approval from RIC NUST after fulfilling all codal formalities.

Acknowledgments: This research was conducted at the School of Chemical and Materials Engineering (SCME),
National University of Sciences and Technology, Sector H-12, Islamabad. U.L. and Z.H. acknowledge the financial
and administrative support from the SCME, NUST.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.
15.

16.

17.

18.

19.

20.

Pneumaticos, S.G.; Triantafyllopoulos, G.K.; Basdra, E.K.; Papavassiliou, A.G. Segmental bone defects: From
cellular and molecular pathways to the development of novel biological treatments. J. Cell. Mol. Med. 2010,
14, 2561-2569. [CrossRef]

Allo, B.A,; Costa, D.O.; Dixon, S.J.; Mequanint, K.; Rizkalla, A.S. Bioactive and biodegradable nanocomposites
and hybrid biomaterials for bone regeneration. J. Funct. Biomater. 2012, 3, 432—-463. [CrossRef] [PubMed]
Costa-Pinto, A.R.; Reis, R.L.; Neves, N.M. Scaffolds based bone tissue engineering: The role of chitosan.
Tissue Eng. Part B Rev. 2011, 17, 331-347. [CrossRef] [PubMed]

Boroujeni, N.M.; Zhou, H.; Luchini, T.J.; Bhaduri, S.B. Development of monetite/phosphorylated chitosan
composite bone cement. J. Biomed. Mater. Res. Part B Appl. Biomater. 2014, 102, 260-266. [CrossRef] [PubMed]
Hesaraki, S.; Nezafati, N. In vitro biocompatibility of chitosan/hyaluronic acid-containing calcium phosphate
bone cements. Bioprocess Biosyst. Eng. 2014, 37, 1507-1516. [CrossRef] [PubMed]

He, Y;; Dong, Y.; Chen, X.; Lin, R. Ectopic osteogenesis and scaffold biodegradation of tissue engineering
bone composed of chitosan and osteo-induced bone marrow mesenchymal stem cellsin vivo. Chin. Med. ].
2014, 127, 322-328.

Amini, A.R.; Laurencin, C.T.; Nukavarapu, S.P. Bone tissue engineering: Recent advances and challenges.
Crit. Rev. Biomed. Eng. 2012, 40, 363—408. [CrossRef]

Kretlow, J.D.; Mikos, A.G. Mineralization of synthetic polymer scaffolds for bone tissue engineering.
Tissue Eng. 2007, 13, 927-938. [CrossRef]

di Martino, A.; Sittinger, M.; Risbud, M.V. Chitosan: A versatile biopolymer for orthopaedic tissue-engineering.
Biomaterials 2005, 26, 5983-5990. [CrossRef]

Gautam, S.; Dinda, A.K.; Mishra, N.C. Fabrication and characterization of PCL/gelatin composite nanofibrous
scaffold for tissue engineering applications by electrospinning method. Mater. Sci. Eng. C 2013, 33, 1228-1235.
[CrossRef]

Gautam, S.; Chou, C.-F,; Dinda, A.K.; Potdar, P.D.; Mishra, N.C. Surface modification of nanofibrous
polycaprolactone/gelatin composite scaffold by collagen type I grafting for skin tissue engineering. Mater. Sci.
Eng. C 2014, 34, 402-409. [CrossRef] [PubMed]

Agarwal, A. Advent and maturation of regenerative medicine. Tissue Eng. Regen. Med. 2013, 10, 155-159.
[CrossRef]

Lickorish, D.; Guan, L.; Davies, ]J. A three-phase, fully resorbable, polyester/calcium phosphate scaffold for
bone tissue engineering: Evolution of scaffold design. Biomaterials 2007, 28, 1495-1502. [CrossRef] [PubMed]
Dorozhkin, S.V. Bioceramics of calcium orthophosphates. Biomaterials 2010, 31, 1465-1485. [CrossRef]
Samavedi, S.; Whittington, A.R.; Goldstein, A.S. Calcium phosphate ceramics in bone tissue engineering:
A review of properties and their influence on cell behavior. Acta Biomater. 2013, 9, 8037-8045. [CrossRef]
Vallet-Regi, M.; Ruiz-Hernandez, E. Bioceramics: From bone regeneration to cancer nanomedicine. Adv. Mater.
2011, 23, 5177-5218. [CrossRef]

Rezwan, K.; Chen, Q.; Blaker, J.; Boccaccini, A.R. Biodegradable and bioactive porous polymer/inorganic
composite scaffolds for bone tissue engineering. Biomaterials 2006, 27, 3413-3431. [CrossRef]

Porter, ].R.; Ruckh, T.T.; Popat, K.C. Bone tissue engineering: A review in bone biomimetics and drug delivery
strategies. Biotechnol. Prog. 2009, 25, 1539-1560. [CrossRef]

Liaqat, U.; Ko, H.; Suh, H.; Lee, M.; Pyun, J.-C. Surface modification of parylene-N films for the culture of
osteoblast-like cells (MG-63). Appl. Surf. Sci. 2016, 378, 277-285. [CrossRef]

Liaqat, U.; Ko, H,; Suh, H;; Lee, M.; Pyun, J.-C. UV-irradiated parylene surfaces for proliferation
and differentiation of PC-12 cells. Enzym. Microb. Technol. 2017, 97, 1-10. [CrossRef]


http://dx.doi.org/10.1111/j.1582-4934.2010.01062.x
http://dx.doi.org/10.3390/jfb3020432
http://www.ncbi.nlm.nih.gov/pubmed/24955542
http://dx.doi.org/10.1089/ten.teb.2010.0704
http://www.ncbi.nlm.nih.gov/pubmed/21810029
http://dx.doi.org/10.1002/jbm.b.33003
http://www.ncbi.nlm.nih.gov/pubmed/23997033
http://dx.doi.org/10.1007/s00449-013-1122-0
http://www.ncbi.nlm.nih.gov/pubmed/24399509
http://dx.doi.org/10.1615/CritRevBiomedEng.v40.i5.10
http://dx.doi.org/10.1089/ten.2006.0394
http://dx.doi.org/10.1016/j.biomaterials.2005.03.016
http://dx.doi.org/10.1016/j.msec.2012.12.015
http://dx.doi.org/10.1016/j.msec.2013.09.043
http://www.ncbi.nlm.nih.gov/pubmed/24268275
http://dx.doi.org/10.1007/s13770-013-0017-0
http://dx.doi.org/10.1016/j.biomaterials.2006.11.025
http://www.ncbi.nlm.nih.gov/pubmed/17166580
http://dx.doi.org/10.1016/j.biomaterials.2009.11.050
http://dx.doi.org/10.1016/j.actbio.2013.06.014
http://dx.doi.org/10.1002/adma.201101586
http://dx.doi.org/10.1016/j.biomaterials.2006.01.039
http://dx.doi.org/10.1002/btpr.246
http://dx.doi.org/10.1016/j.apsusc.2016.03.218
http://dx.doi.org/10.1016/j.enzmictec.2016.10.016

Nanomaterials 2020, 10, 1778 15 of 15

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Zhou, J.; Wang, X.; Hua, K.; Zhang, W.; Ji, J.; Yang, X. Enhanced mechanical properties and degradability of
poly (butylene succinate) and poly (lactic acid) blends. Iran. Polym. . 2013, 22, 267-275. [CrossRef]

Hench, L.L.; Polak, ]. M. Third-generation biomedical materials. Science 2002, 295, 1014-1017. [CrossRef]
[PubMed]

Kretlow, ].D.; Mikos, A.G. From material to tissue: Biomaterial development, scaffold fabrication, and tissue
engineering. AIChE ]. 2008, 54, 3048-3067. [CrossRef] [PubMed]

Roman, J.S.; Garcia, P.G. Partially biodegradable polyacrylic-polyester composites for internal bone fracture
fixation. Biomaterials 1991, 12, 236-241. [CrossRef]

Gunatillake, P.A.; Adhikari, R. Biodegradable synthetic polymers for tissue engineering. Eur Cell Mater 2003,
5, 1-16. [CrossRef]

Yoon, S.-D.; Kwon, Y.-S.; Lee, K.-S. Biodegradation and biocompatibility of poly L-lactic acid implantable
mesh. Int. Neurourol. ]. 2017, 21, S48. [CrossRef]

Vroman, I.; Tighzert, L. Biodegradable polymers. Materials 2009, 2, 307-344. [CrossRef]

Costa-Pinto, A.; Correlo, V.; Sol, P.; Bhattacharya, M.; Srouji, S.; Livne, E.; Reis, R.; Neves, N. Chitosan-poly
(butylene succinate) scaffolds and human bone marrow stromal cells induce bone repair in a mouse calvaria
model. J. Tissue Eng. Regen. Med. 2012, 6, 21-28. [CrossRef]

Wang, H.; Ji, J.; Zhang, W.; Zhang, Y,; Jiang, J.; Wu, Z.; Py, S.; Chu, PK. Biocompatibility and bioactivity of
plasma-treated biodegradable poly (butylene succinate). Acta Biomater. 2009, 5, 279-287. [CrossRef]
Manavitehrani, I.; Fathi, A.; Badr, H.; Daly, S.; Shirazi, A.N.; Dehghani, F. Biomedical applications of
biodegradable polyesters. Polymers 2016, 8, 20. [CrossRef]

Chrissafis, K.; Paraskevopoulos, K.; Bikiaris, D. Thermal degradation mechanism of poly (ethylene succinate)
and poly (butylene succinate): Comparative study. Thermochim. Acta 2005, 435, 142-150. [CrossRef]

van Blitterswijk, C.; Hesseling, S.; Grote, J.; Koerten, H.; de Groot, K. The biocompatibility of hydroxyapatite
ceramic: A study of retrieved human middle ear implants. J. Biomed. Mater. Res. 1990, 24, 433-453. [CrossRef]
[PubMed]

Vagaska, B.; Batakov4, L.; Filovad, E.; Balik, K. Osteogenic cells on bio-inspired materials for bone tissue
engineering. Physiol. Res. 2010, 59.

Guo, W.; Zhang, Y.; Zhang, W. Mechanical properties and crystallization behavior of hydroxyapatite/poly
(butylenes succinate) composites. |. Biomed. Mater. Res. Part A 2013, 101, 2500-2506. [CrossRef] [PubMed]
Eftekhari, S.; el Sawi, L; Bagheri, Z.S.; Turcotte, G.; Bougherara, H. Fabrication and characterization of novel
biomimetic PLLA/cellulose/hydroxyapatite nanocomposite for bone repair applications. Mater. Sci. Eng. C
2014, 39, 120-125. [CrossRef]

Huang, J.; Xiong, J.; Liu, J.; Zhu, W.; Wang, D. Investigation of the in vitro degradation of a novel
polylactide/nanohydroxyapatite composite for artificial bone. J. Nanomater. 2013, 2013. [CrossRef]

Li, G,; Qin, S.; Liu, X.; Zhang, D.; He, M. Structure and properties of nano-hydroxyapatite/poly (butylene
succinate) porous scaffold for bone tissue engineering prepared by using ethanol as porogen. J. Biomater. Appl.
2019, 33, 776-791. [CrossRef]

Khalid, M.; Mujahid, M.; Amin, S.; Rawat, R.; Nusair, A.; Deen, G. Effect of surfactant and heat treatment
on morphology, surface area and crystallinity in hydroxyapatite nanocrystals. Ceram. Int. 2013, 39, 39-50.
[CrossRef]

Chen, G.-X,; Kim, H.-S.; Kim, E.-S.; Yoon, J.-5. Compatibilization-like effect of reactive organoclay on the poly
(L-lactide)/poly (butylene succinate) blends. Polymer 2005, 46, 11829-11836. [CrossRef]

Zamiri, A.; De, S. Mechanical properties of hydroxyapatite single crystals from nanoindentation data. J. Mech.
Behav. Biomed. Mater. 2011, 4, 146-152. [CrossRef]

Aronov, D.; Rosen, R.; Ron, E.; Rosenman, G. Tunable hydroxyapatite wettability: Effect on adhesion of
biological molecules. Process Biochem. 2006, 41, 2367-2372. [CrossRef]

Tihan, T.G.; Ionita, M.D.; Popescu, R.G.; Iordachescu, D. Effect of hydrophilic-hydrophobic balance on
biocompatibility of poly (methyl methacrylate) (PMMA)-hydroxyapatite (HA) composites. Mater. Chem. Phys.
2009, 118, 265-269. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1007/s13726-013-0124-8
http://dx.doi.org/10.1126/science.1067404
http://www.ncbi.nlm.nih.gov/pubmed/11834817
http://dx.doi.org/10.1002/aic.11610
http://www.ncbi.nlm.nih.gov/pubmed/19756176
http://dx.doi.org/10.1016/0142-9612(91)90206-P
http://dx.doi.org/10.22203/eCM.v005a01
http://dx.doi.org/10.5213/inj.1734882.441
http://dx.doi.org/10.3390/ma2020307
http://dx.doi.org/10.1002/term.391
http://dx.doi.org/10.1016/j.actbio.2008.07.017
http://dx.doi.org/10.3390/polym8010020
http://dx.doi.org/10.1016/j.tca.2005.05.011
http://dx.doi.org/10.1002/jbm.820240403
http://www.ncbi.nlm.nih.gov/pubmed/2161412
http://dx.doi.org/10.1002/jbm.a.34552
http://www.ncbi.nlm.nih.gov/pubmed/23348918
http://dx.doi.org/10.1016/j.msec.2014.02.027
http://dx.doi.org/10.1155/2013/515741
http://dx.doi.org/10.1177/0885328218812486
http://dx.doi.org/10.1016/j.ceramint.2012.05.090
http://dx.doi.org/10.1016/j.polymer.2005.10.056
http://dx.doi.org/10.1016/j.jmbbm.2010.11.001
http://dx.doi.org/10.1016/j.procbio.2006.06.006
http://dx.doi.org/10.1016/j.matchemphys.2009.03.019
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Experimental Method 
	Chemicals and Materials 
	Synthesis of Hydroxyapatite Nanoparticles (HAPs) 
	Preparation of PBS/PLLA Polymer Blends 
	Preparation of the PBS/PLLA/HAP Composite 
	Characterization 

	Results and Discussion 
	Mechanical Properties of PBS/PLLA Polymer Blends and PBS/PLLA/HAP Composites 
	Morphological Studies of PBS/PLLA Polymer Blends and PBS/PLLA/HAP Composites 
	Structural Studies of PBS/PLLA Polymer Blends and PBS/PLLA/HAP Composites 
	Contact Angle Analysis of PBS/PLLA Polymer Blends and PBS/PLLA/HAP Composites 
	Biological Response of PBS/PLLA Polymer Blends and PBS/PLLA/HAP Composites 

	Conclusion 
	References

