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a b s t r a c t

High-density polyethylene (HDPE)echitosanehydroxyapatite hybrid composite series with varying
concentration of hydroxyapatite were prepared and compared with its corresponding HDPE-chitosan
binary composite. The microstructural and mechanical characterizations of the prepared composites
were studied. A 12% increase for the composite system with 8 wt% hydroxyapatite (HA4) has been noted
when compared with its corresponding binary system and has been optimized for further applications.
The structural characterization and miscibility of the components in the composite system were studied
by using Fourier transform infrared spectroscopy and X-ray diffractometry. Positron annihilation lifetime
spectroscopy studies showed that the free holes are formed in the range of ~115.8 Å3. Contact angle
studies and sorption studies were further correlated with the biocompatibility analysis to study cell
adhesion and protein absorption on the surface of the composites. MC3T3 E1 cell lines showed good cell
proliferation on the optimized systems. The presence of micropores along with chitosan and hydroxy-
apatite promoted cell growth in the prepared composites. The current research study presents the
development of an improved hybrid biocomposite material that has potential in biomedical implants.

© 2022 Elsevier Ltd. All rights reserved.
1. Introduction

A single matrix comprising of more than one filler, which are
interacting at nanometer scale, forms a hybrid composite. Incor-
poration of maximum of two fillers is usually found more appro-
priate and beneficial when designing a hybrid system, as it seems to
give superior impact strength, balanced tensile strength, good
thermal stability, enhanced dielectric properties, biocompatible
properties, and improved miscibility between the components in
the composite [1]. The concept of ternary composites over binary
composites has been introduced to develop materials having
improved interfacial interaction between the components that
make them, hence imparting a greater control over the final system.
The addition of sisal fiber in coconut sheath fiber-reinforced com-
posites forms a hybrid composite shows a reduction in free holes as
cis).
well as voids too [2]. Since, ternary composites promote enhanced
impact strength, they are mainly focused on load bearing applica-
tions, especially in automobile industry, telecom applications, food
packaging sector, and medical implants [3e5]. Thermoplastic ma-
trix-based hybrid composites are taking over the present scenario,
especially as bone implant materials. The commercially available
bone implant materials such as HAPEX ™ and MEDPOR (porous
high-density polyethylene [HDPE]) generally consist of poly-
ethylenes as matrix. HDPE has been used as implants as MEDPOR
(1985) in the field of maxillofacial defects as it can easily become
stable against bones and could integratewith the bone tissues [6,7].
The minimal soft tissue reaction, ability to shape depending upon
the nature of the bone and stability makes them a good choice in
bone implant materials [8,9]. The main parameter in bone-implant
interaction is the porosity that promotes rapid bone and fibrous
ingrowth into the implant [10]. This could be achieved by
employing fillers and additives in the system. It has been reported
that, HDPE-chitosan composites have exhibited a maximum tensile
strength of 19.7 MPa [11]. At the same time, the presence of
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Table 1
Formulation of HDPEechitosan and HDPEechitosansehydroxyapatite composites.

Sample HDPE (g) Chitosan (wt%) Hydroxyapatite (wt%) Palm oil (wt%)

HC0 30 e e e

HC5 30 5 e e

HP5 30 5 e 5
HA1 30 5 2 5
HA2 30 5 4 5
HA3 30 5 6 5
HA4 30 5 8 5
HA5 30 5 10 5
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plasticizers and compatibilizers improves the microstructural
interaction and segmental mobility of a composite system,
providing improvement in themechanical properties of the system.
Maleic anhydride has been used as compatibilizers for various
thermoplastic based bio-composites due to its improvedmiscibility
and better mechanical strength achieved by the system [12]. Nat-
ural vegetable oils especially palm oil, canola oil and olive oil have
been replacing most petroleum based plasticizers for the devel-
opment of polymer based biomaterials. The presence of the olefinic
group in vegetable oils helps them to easily interact with the
polymeric chains. Among them, palm oil is considered as an
attractive renewable plasticizer, which can mix homogeneously
with polyethylenes. Furthermore, the OH groups and C]C groups
of palm oil can be utilized in tuning the properties of the developed
composite systems. Studies shows that acrylated palm olein has
been incorporated in systems for drug carriers, bio-polymeric
scaffold material, bone implant materials etc. [13,14]. The pres-
ence of 5 wt% crude palm oil in HDPE and low-density polyethylene
have shown a small reduction in impact strength but have pro-
moted orientation strengthening in the composites. Hence, palm oil
as plasticizer can be promoted for tough plastic materials for
providing flexibility to the system and providing more interfacial
interaction [15].

The most commonly used filler in medical implant is nano-
hydroxyapatite, a chemical compound having the structural prop-
erties similar to the inorganic component of the bone. HAPEX ™
(60% HDPE and 40% hydroxyapatite) is used worldwide as bone
substitute material. The mechanical strength of HAPEX™ has been
reported as 20.85 ± 30 MPa [16]. HDPE-HA composites have been
improved by employing silane modification and the tensile
strength has been increased to 23.16 ± 0.40 MPa [17]. It has also
been noticed that the HDPE-hydroxyapatite system have limited
applications due to increased brittleness. Composites based on
polylactic acid (PLA)- hydroxyapatite were also prepared to
improve the stiffness of the system. The system has achieved an
impact strength of 32 kJ/m2 [18]. Modifications based on
hydroxyapatite-chitosan systems have also been studied widely for
bone tissue engineering applications. Chitosan is obtained from
deacetylated chitin, which is a natural polymer found in the
exoskeleton of crustaceans. It is structurally similar to glycosami-
noglycan, a major component in bone responsible for modulating
the bone precursor cells for bone regeneration, which can promote
cell growth in the prepared implant [19]. More hydrophilic or more
hydrophobic surface has a negative impact on cell proliferation. A
neutral condition where the contact angle lies in between 70 and
90� is considered appropriate for protein absorption and cell
adhesion. The wettability of the system can be altered with the
concentration and presence of the filler that is reinforced. This
further explains why hybrid systems like ternary composites are
capable of neutral wettability and good cell proliferation. Until now,
various binary composites and ternary composites consisting of
thermoplastic polymers such as HDPE, low-density polyethylene,
ultrahigh molecular weight polyethylene-based biocomposites
have been developed for bone implant materials with good cell
viability. Here, the present study is focusing on the modification of
the commercially available bone implant materials by converting it
into a ternary system by adding chitosan to HDPE-hydroxyapatite
system (HAPEX ™). The biocompatibility of palm oil-based sys-
tems has not been studied until now, and hence, the present work
investigates the biocompatibility and microstructural analysis of
plasticized HDPE-chitosan composite systems and HDPEechito-
sanehydroxyapatite composites for the first time.

The present work is focusing on the modification of
commercially available thermoplastic polyethylene implants
by introducing a natural polymerechitosan and an inorganic
2

mineralehydroxyapatite as fillers to form a hybrid composite
system. The aim of the work was also to improve the me-
chanical strength and nontoxicity of the samples. Furthermore,
the bonding and interaction between the newly added compo-
nents to the existing polyethylene were studied using micro-
structural analysis techniques such as PALS, XRD, and FTIR. The
activation energy data obtained from thermogravimetric analysis
(TGA) experiment have been used to analyze the thermal sta-
bility of the system. The surface properties of the system were
analyzed and have been correlated with water contact angle
measurements and cell proliferation studies.

2. Experimental

2.1. Materials and methodology

HDPE (density: 0.950 gm/cm3) was provided from Reliance In-
dustries Limited, India, and low molecular weight chitosan (degree
of deacetylation (DD) > 85%) was received as gift from Kerala State
Cooperative Federation for Fisheries Development Ltd (Matsyafed),
Kerala, India. Palm oil used as plasticizer was procured from Par-
isons Pvt. Ltd. KINFRA Park, Kozhikode, India. Hydroxyapatite
(<200 nm), dicumyl peroxide, and maleic anhydride were of
analytical grade and were obtained from Sigma-Aldrich (India).

2.2. Preparation of HDPEechitosanehydroxyapatite composites

Prior tomixing, chitosan and hydroxyapatite used as fillers were
vacuum dried at 80 �C overnight to reduce the moisture content.
Initially, HDPEechitosan composites plasticized with 5 wt% of palm
oil were prepared and optimized as reported in our previous
studies [20]. The optimized HDPEechitosan composite plasticized
with palm oil has been used for the preparation of the ternary
composite comprising of HDPEechitosanehydroxyapatite system.
HDPEwas initially melted at 160 �C andwasmixed for 4min; 5 wt%
of chitosan and 5 wt% of palm oil were added to the melted HDPE
and were again mixed for another 3 min. To the resulting system,
varying concentration of hydroxyapatite was added for the devel-
opment of the ternary composite. Dicumyl peroxide (0.5 wt%) and
maleic anhydride (2 wt%) were added as free radical initiator and
compatibilizer, respectively. The overall processing time was
limited to 20 min. The synthesized composite mixes shown in
Table 1 were hydraulic pressed and then injection molded for
further characterizations.

2.3. Characterizations

2.3.1. Fourier transform infrared analysis
The attenuated total reflectance-Fourier transform infrared

(ATReFTIR) spectrometric analysis using Thermo Fischer Scientific,
Nicolet iS5 was used to study the interaction between HDPE, chi-
tosan, and hydroxyapatite in the composite system. A small section



Fig. 1. FTIR spectra of HC5, HP5, and HA4.
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of the pressed sample was scanned from 4000 cm�1 to 400 cm�1

range with 32 scans for each sample.

2.3.2. X-ray diffractometry (XRD)
The XRD analysis was carried out with Rigaku Miniflex 600 (5th

gen) employing Cu-Ka radiation (l ¼ 1.5405 Å) and Ni filter at an
operating voltage of 40 kV and 15 mA. The relative intensities were
recorded within 5e80 (2q) range at a scanning rate of 0.5�/min.

2.3.3. Thermogravimetric analysis (TGA)
TGA has been employed to study the thermal stability and

activation energy of the polymeric composites prepared. The study
was carried out using TG/DTA, STA7200 (Hitachi) at a heating rate
of 10

�
C/min from 30 to 1000 �C, with 6e7 mg of the sample in

platinum pans in a nitrogen environment. The rate of nitrogen gas
was maintained at 100 ml/min during the experiment. Ultrasensi-
tive microbalance noted the weight changes throughout the
experiment. Weight loss versus temperature and time was recor-
ded online using Measure software. The activation energy analysis
was conducted using Coats Redfern Model to study the thermal
stability of the material.

2.3.4. Impact strength analysis
The Izod impact strength (un-notched) of the rectangular

samples was found by using Resil Impactor Junior (CEAST) (ASTM
D256). The specimens were tested on the impact tester having 4J
capacity and striking velocity of 3.6 m/s. The specimen held as
vertical cantilevered beam is broken by a pendulum. The impact
resistance is obtained from the values directly read from the tester.

2.3.5. Positron annihilation lifetime spectroscopy (PALS)
Free hole volume studies for HDPEechitosanehydroxyapatite

composites were studied using a positron annihilation lifetime
spectrometer as reported by Ravikumar et al. [21]. PATFIT-88 is
used in combination with a proper source to apply background
correction on the obtained reproducible spectra. Three Gaussian
time resolution functions facilitate a better pattern of the positron
lifetime spectra for the prepared composites.

2.3.6. Contact angle measurements
Contact angle measurements were conducted to study the

wettability as well as hydrophilicity of the samples. They were
conducted by sessile drop method using water at room tempera-
ture using DigidropeMCAT goniometer (GBX).

2.3.7. Water sorption analysis
Water sorption of the composites were done as per ASTM D570-

81. Initial weight of the dried samples were obtained. It was then
submerged in distilled water at room temperature until constant
weight was observed [22]. The excess water on the surface of the
composite after soaking is removed carefully, and the weight of the
composite was again weighed with a Mettler balance type having
precision of 0.1mg. Thewater absorption ability (%) is calculated as:

sorptionð%Þ¼
�
Wn �Wd

Wd

�
*100 (1)

where, Wd is the original dry weight of the sample and Wn is the
weight of the composite after immersion. The test was carried out
for triplicate samples, and the average value was taken for further
calculations.

2.3.8. Cell proliferation studies
Proliferative efficacy of the test compounds was studied using

Methyl Thiazolyl Tetrazolium (MTT) assay. Mouse osteoblast cells
3

(MC3T3) were cultured in minimal essential medium with alpha
modifications (alpha-MEM) supplemented with 10% FBS, 1%
antibiotic-antimycotic solution, and 1% L-glutamine. Cells were
maintained at 37 �C and 5% CO2 in a humidified atmosphere. The
assessment of cell proliferative efficacy was conducted by seeding
the cells onto the test films in 96 well microtiter plates at a seeding
density of 5000 cells/well; 24 h after incubationwith test materials,
the MTT reagent was added to the wells and incubated at 37 �C for
4 h. Formazan crystals were solubilized using DMSO, and absor-
bance was recorded at 570 nm using multimode microplate reader
(FluoSTAR Omega, BMG Labtech). Percentage proliferation of the
cells was calculated with respect to untreated cell control. Photo-
micrographs of the cells treated with different test materials were
captured using an axiocam attached to an inverted microscope
(PrimoVert, Cerl Zeiss).
3. Results and discussion

3.1. Fourier transform infrared spectroscopy (FTIR)

The interaction of HDPE with hydroxyapatite and chitosan
studied using FTIR are presented in Fig. 1 and Scheme 1
respectively. The interaction of palm oil plasticized HDPE-
chitosan composites was reported in detail in our previous
studies [20]. In the spectra given below, the CeOeC asymmetric
stretching of bridge oxygen of chitosan normally found at 1151
cm�1 is shifted to 1129 cm�1when incorporated into the HDPE
matrix. The peak at 1712 cm�1 is slightly shifted to 1719
cm�1with the addition of palm oil to HDPEechitosan system. The
peak broadening observed in HDPE-CS composites has also dis-
appeared on addition of palm oil [12,22]. The characteristic peaks
around 1050, 571, and 561 cm�1 corresponding to the different
modes of PO4 groups in hydroxyapatite are observed in HA4
composite system [23]. When hydroxyapatite is added to HP5,
the intensity of peaks at 2915 and 2844 cm�1 is decreased
notably. Broadening of peaks under the region of 1200 and 1000
cm �1 helps identify the formation of interlinked bonds between
the phosphate bonds of hydroxyapatite and CeO or CeH bonds
of chitosan [24]. The restriction of molecular vibrations by PO4

3-

ions of hydroxyapatite could be ascribed to the broadening of
peaks at 1050 cm�1 [23,25,26]. Scheme 1 presents the possible
interactions between the components HDPE, chitosan, and
hydroxyapatite.



Scheme 1. Possible interaction of chitosan and hydroxyapatite with compatibilized HDPE.
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3.2. X-ray diffractometry (XRD)

The XRD spectra of the developed composites are displayed in
Fig. 2. The peaks at 2q ¼ 21.4�, 2q ¼ 23.8�, and 2q ¼ 36.27� scat-
tering from (110), (200), and (020) planes indicate the ortho-
rhombic structure of polyethylene (ICDD # 53e1859). The
characteristic peak of chitosan at 2q ¼ 20� is found overlapped by
HDPE, as observed in all graphs. The slight decrease in peak in-
tensity for HP2was noted which can be due to the difference in size
of the chitosan particles incorporated and the lattice strain devel-
oped in the system [26]. The hydroxyapatite-added ternary system
has peaks at 2q ¼ 25.8�, 31.7�, 32.16�, and 32.8� corresponding to
the diffraction from (002), (221), (222), and (060) (ICDD #
05e0656). Absence of significant changes for the main orientation
planes of HDPE, chitosan, and hydroxyapatite indicates no phase
separation, making it suitable for maintaining the biological prop-
erties of the prepared composites [27,28].
Fig. 2. XRD spectra of HC5, HP5, and HA4.
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3.3. Thermogravimetric analysis (TGA)

The thermal behavior of HC0, HDPEechitosan, and HDPEechi-
tosanehydroxyapatite composites shown in Fig. 3 was evaluated to
study the thermal stability of the prepared composites as well as to
employ them in sterilization process when considered as bio-
implants [29]. The degradation process of HDPE-chitosan-
hydroxyapatite composites was found to be similar to the
HDPEechitosan systems [30]. Apart from the one-step degradation
(between 400 and 600 �C) of HC0 corresponding to the thermolytic
rupture of the macromolecular polymer units, the addition of chi-
tosan and hydroxyapatite had gone through a major degradation in
the range of 230e420 �C and 420e500 �C. A slight degradation
noted in the region of 90e160 �C is attributed to the evaporation of
water trapped by the hydrophilic OH groups of chitosan in the
composite system. This change is negligible in HA4 system, indi-
cating the compatibility of chitosanwith HDPE and hydroxyapatite.
The commencement of degradation for HA4 is starting at 428 �C
showing good miscibility between hydroxyapatite and plasticized
HDPEechitosan system. The highest degradation temperature and
lowest % weight loss as observed from the graphs also support the
strong interface compatibility between hydroxyapatite and the
composite system. The inorganic component has undergone no
phase change throughout the TG analysis. The degradation tem-
perature has also increased gradually with the addition of hy-
droxyapatite and is nearing to that of HP5.

The influence of fillers on the thermal stability is further sup-
ported through the activation energy analysis obtained from
CoatseRedfern's method. By adopting first-order linear rate for the
process and by combining the Arrhenius equation, the
CoatseRedfern Model is obtained as [30]:

ln
��lnð1� aÞ

T2

�
¼ ln

�
AR
bE

��E
RT

(2)

A ¼ pre-exponential factor (min�1), E ¼ activation ener-
gy(Jmol�1), and b ¼ heating rate (Kmin�1). The kinetic parameters

were obtained from TG/DTG analysis. By plotting ln
��lnð1�aÞ

T2

�
vs 1

T,

a straight line with slope E
R and intercept ln

�
AR
bE

�
is obtained. The

calculation of activation energy using CoatseRedfern equation for



Fig. 3. (a) TGA and (b) DTG analysis of HDPEechitosanehydroxyapatite composites.
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HDPEechitosanehydroxyapatite composites is shown in Table 2.
HA4 exhibits highest thermal stability as evidenced by activation
energy value of 333.2 kJ/mol among the HDPEechito-
sanehydroxyapatite composite systems. Further, the thermal sta-
bility increases gradually till HA4 and then decreases with higher
concentration of hydroxyapatite. The addition of 10 wt% of hy-
droxyapatite has evidenced a decrease in the stability of the system,
which could be attributed to the formation of agglomeration of
hydroxyapatite in the system beyond the optimum concentration.
The thermal decomposition of the composite has also been
decreased with HA5, indicating the incompatibility between the
components in the system.

3.4. Impact strength analysis

The impact strength analysis was conducted to evaluate the
strength of the prepared HDPEechitosan composites and HDPEe-
chitosanehydroxyapatite composites. Fig. 4 shows the impact
strength of HC5, HP5, and HA(n) composites. An impact strength of
96 ± 3 kJ/m2 was obtained for HC0, which was higher than non-
compatibilized HDPE [31]. The addition of 5 wt% of chitosan to HC0
caused an increase in impact strength to105 ± 2 kJ/m2. This increase
could be attributed to the good interfacial bonding between the
reactive groups of chitosan with compatibilized HDPE [32]. Mean-
while, the addition of 5 wt% of palm oil as plasticizer reduced its
strength to 102 ± 2 kJ/m2. A slightly lower yet a similar impact
strength of HP5 with HC5 can be ascribed to the sameway inwhich
Table 2
Activation energy analysis and degradation behavior of HDPEechitosanehydro
xyapatite composite.

Sample Initial degradation (
�
C) Final degradation (

�
C) Ea (kJmol�1) R

HC0 394 506 324.7 0.9923
HC5 434 511 348.0 0.9997
HP5 429 512 348.2 0.9998
HA1 416 508 331.11 0.9948
HA2 417 509 308.4 0.9961
HA3 418 505 92.07 0.9632
HA4 428 509 333.2 0.9907
HA5 423 505 226.3 0.9714
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the matrix deforms to impact tests, indicating the formation of a
stronger interface [33,34]. Furthermore, the long alkyl chains of
palm oil help in easier relaxation of polymer chains in the com-
posite. Hence, the impact energy could disperse more quickly into
the composite system [35]. When varying concentration of hy-
droxyapatite was added to HP5, impact strength is initially reduced
to 98 ± 2 kJ/m2. With the addition of 8 wt% of hydroxyapatite, the
impact strength increased. This increase could be ascribed to two
main reasons: (a) the interaction of more flexible amino group of
chitosan with the stiff and polar groups of hydroxyapatite. This
reduces the flexibility of the HDPE/CS/HA system and (b) ability of
the composite to hold the impact energy due to minimum number
of microcracks formed in the system, due to good fillerematrix
interaction [36,37]. Beyond 8 wt% of hydroxyapatite, the impact
strength is reduced to 88 ± 2 kJ/m2, indicating agglomeration
formed in the system imparting more brittle nature to the
composite.
Fig. 4. Impact strength of HDPEechitosanehydroxyapatite systems.



Table 3
PALS data of HDPEechitosanehydroxyapatite composites.

Sample Code t 3(ns) ±0.010 I3±0.16 Vf (Å)3±0.96 FV±0.003

HC0 2.15 16.30 111.96 0.127
HC5 2.06 16.55 103.21 0.118
HP5 1.90 25.63 88.25 0.157
HA1 1.89 26.63 87.39 0.161
HA2 2.05 21.92 102.26 0.156
HA3 1.90 27.03 88.49 0.166
HA4 2.19 15.92 115.82 0.128
HA5 2.11 15.26 108.07 0.114

M. Shelly, M. Raghavendra, A. Prabhu et al. Materials Today Sustainability 19 (2022) 100186
3.5. Positron annihilation lifetime spectroscopy (PALS)

The effect of varying concentration of hydroxyapatite on HDPE/
chitosan system on the free hole volume of the composite is given
in Table 3. The o-Ps lifetime (t3) depends on the size of free holes,
whose intensity (I3) is found to be proportional to the fraction of
free hole volume holes (Fv). The miscibility of HDPE with chitosan
and hydroxyapatite is clearly noted from the voids and holes
formed. This affects the crosslinking properties and crystallinity.
The addition of varying concentration of fillers affects the cross-
linking properties, which further affects the size of free volume
holes formed in the composite. From the results, it is observed
that t3 increases till HA4 when increasing concentration of hy-
droxyapatite is added and then shows a decrease at HA5. When
nanosized fillers are added into a polymer matrix, chain mobility of
macromolecules in the tightly bound layers on the surface of the
filler decrease. This affects the size of free volume hole formed in
the system.

Miscibility and phase separation seem to have a stronger effect
on the fractional free volume of the composite. The decrease of I3
can also be related not only toward the inhibition of positronium
formation but also due to the extent of miscibility obtained through
enhanced crosslinking and filler addition. The values of I3 are quite
Fig. 5. Contact angle images of

6

close in all composites with slight variations at lower concentration
of hydroxyapatite. With the increase in the concentration of hy-
droxyapatite, more molecules are involved in the formation of
effective interaction between HDPEechitosan and hydroxyapatite
[38]. The reactive groups of chitosan interacting with HDPE/chito-
san composites suppress the formation of free volume holes at
higher filler concentration. Beyond the optimized composition of
HA4, small hydroxyapatite particles could fill the free holes in the
composite. This might be the cause of low free hole volume in HA5
[39]. The results are better supported by the low impact strength in
HA5 than HA4. t3 is found to be lower in HA1, but changes non-
linearly with the addition of filler. Beyond a certain limit, apart
from the breaking of certain interactions, hydrogen bonding takes
place between the polar groups of crosslinked HDPE/chitosan and
hydroxyapatite. This leads to the consequent separation of chitosan
chains, making it available for interaction with hydroxyapatite. The
incorporation of filler content brings at higher concentration pro-
duces large number of pores with smaller size. But, in composites
below 8 wt% of hydroxyapatite addition, pores with bigger sizes are
prominent which is reflected from the results [40]. The incorpo-
ration of hydroxyapatite also increases the grafting ratio in the
composites. The more voluminous group increases the surface area
of the composites, and hence, volume fraction increases [41].

3.6. Water sorption studies and water contact angle measurements

The physical characteristics of the composite such as surface
roughness and aggregation of filler in the matrix decide the
biocompatibility of a material. As reported in previous studies, neat
HDPE and chitosan had contact angle values at 101� and 85�,
respectively. The values of HDPEechitosan systems and HDPEe-
chitosanehydroxyapatite systems had values lying in between 50�

and 85� making them appropriate for cell adhesion and protein
absorption. The hydrophilic value of HC0 at 78.9� ± 2 can be
attributed to the reactive anhydride groups on HDPE. When
the prepared composites.
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chitosan is added to HC0, the hydrophilicity of the composite is
reduced slightly. This can be ascribed to the surface alterations at
the microscale which have a profound effect on the contact angle
properties [42,43]. When hydroxyapatite is added, the contact
angle is further changed to 80.8�. This can be ascribed to the more
amorphous nature attained by the composite on addition of hy-
droxyapatite which attains the capability of absorbing water and
further restricts the spreading of water on the film surface. Contact
angle images of the composites are given in Fig. 5.

The percentage of water sorption for HDPEechitosan compos-
ites and HDPEechitosanehydroxyapatite composites is given in
Fig. 6. An increased water uptake is observed in all composites in
the initial 10 days. This decreases slowly in the following days.
HDPEechitosan systems show more sorption characteristics than
HDPEechitosanehydroxyapatite composites. The less availability
of the reactive functional groups, arising due to the interaction
between chitosan and compatibilized HDPE could be attributed to
the high sorption rate in HC5 and HP5 as observed from the graphs.
When palm oil is added to HC5, the segmental mobility within the
composite providesmore spacewithin it. This results inmorewater
uptake [44]. The plasticizer has the ability to increase segmental
mobility thereby increasing the free hole volume of the composite,
so that the system can adsorb morewater. This can further promote
water clustering at successively higher hydration levels [45]. The
presence of hydroxyapatite has significantly reduced the water
sorption rate as observed in the previous reports. The water sorp-
tion ability of HA4 has increased over time, making it suitable for
bone implant material. When water is sorbed at a higher rate, the
polymer chains can undergo a relaxation process such that the
probability of elution of unreacted monomer chains trapped in the
composite matrix becomes more easier. This can contribute to the
degradation of the implantebone bonds over time, which has been
reported in various studies [46].
3.7. Cell proliferation studies

The in-vitro cell proliferative behavior on the composites was
evaluated using MC3T3-E1 mouse osteoblast cells. This property
Fig. 6. Sorption studies of the prepared composites.
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assessed by MTT assay after 24 h of exposure to the test materials.
The percentage of proliferation of the cells was calculated with
respect to the untreated cell control, as shown in Table 4. The cell
proliferation level on plasticized HC5 and HA4 was higher than
HC0. This enhancement may be due to the presence of nano-
hydroxyapatite in the composites, which boosted the osteoblastic
phenotype to be effectively proliferated. The cell proliferation was
observed to be very low in HC5 and also in the unplasticized
HDPEechitosanehydroxyapatite composite system. The addition of
palm oil to HC5 and HA4 certainly increased the crosslinking and
interaction between the components in the composite system. The
relative decrease in cell proliferation in HC5 and HP5 can be
attributed to the surface roughness of the composites. Increased
surface roughness can retard cell proliferation, as reported by
several studies. Grit blasting and hydrophobic character of the
diamond films were found to be responsible for the decrease in cell
proliferation of hFOB human osteoblastic cell line [47]. Increase in
the surface roughness decreased the cell proliferation and migra-
tion of MG63 osteoblast-like cells via decreased expression of
angiogenic and osteogenic markers [48]. The composites with low
surface roughness are known to increase the cell proliferation of
human osteoblast-like cells significantly due to its effects on cal-
cium nodule formation and alkaline phosphatase activity
enhancement [49]. Similar results were obtained in the present
study. The composites possessed mechanical properties similar to
the natural bone and promoted cell proliferation. Use of chitosan
phosphate in polymeric matrix ensured the uniform distribution of
the particles along with particleepolymer interfacial interactions
and promoted proliferation of L929 mouse fibroblasts [50]. Higher
mechanical strength of the polymer composites provides signifi-
cant support for enhanced shelf-life in the in vivo scenario for
biomedical and tissue regenerative applications. Biomaterials with
compressive and elastic strength are known to be comparable to
the host tissue promoting structural integrity for clinical applica-
tions [51]. Enhancement of the mechanical strength remains a
challenge in bone tissue engineering [52]. Prepared polymeric
composites displayed increased mechanical strength indicating its
promising future utilization in biomedical applications.

The cell proliferation and cell distribution were assessed via
phase-contrast microscopy is shown in Fig. 7. It is also noted that
the highly proliferated pre-osteoblasts had small globules of min-
eral deposits on them together with better cellular attachments. As
observed, the palm oil-added samples enhanced cell proliferation.
Cell density was found to be highest in HP5 followed by HA4, HC0,
and HC5, respectively. Compared to the untreated control cells, the
spherical and elongated shaped cells adhered to the polymeric
composite films displayed higher proliferation, as indicated by the
compact distribution of circular/elongated shaped cells. All the
tested composites showed good cytocompatibility on osteoblasts
and hence can be promising for biomedical applications after
further pre-clinical and clinical validation.
Table 4
Proliferative efficacy of the test materials on MC3T3 E1 cells assessed using MTT
assay.

Sample code Cell proliferation (Mean% ± SD)

HC0 118.13 ± 3.33
HC5 104.53 ± 3.03
HP5 142.67 ± 3.61
HA4 125.87 ± 5.33



Fig. 7. Fluorescence images obtained during cell studies.
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4. Conclusions

The thermal, structural, and mechanical analysis of a binary
composite (HDPEechitosan) and ternary composite (HDPEechito-
sanehydroxyapatite) is compared and analyzed. The structural
analysis using XRD and FTIR shows no phase separation between
the fillers and matrix. The HDPEechitosan composite with 5 wt%
palm oil (HP5) has been optimized due to its goodmiscibility of the
components in the system and enhanced thermal stability.
Furthermore, the addition of 8 wt% of hydroxyapatite to HP5
showed improved stability and enhanced mechanical performance.
The impact strength of HA4 has been increased by 12% than its
corresponding binary system HP5. Phase change variations were
not observed during TGA analysis, which further supports the XRD
analysis. Higher activation energy of HA4 at 333 kJ/mol shows the
miscibility of hydroxyapatite with chitosan. The forming of large
number of pores with reduced pore size makes the prepared sys-
tem suitable for increased osteointegration as observed from the
biocompatibility analysis. Contact angle measurements were ob-
tained in the range of 70 to 85� making them suitable for cell
adhesion. The biocompatible studies using MC3T3 E1 cell analysis
also showed good biocompatibility with fibroid like structures
formed on the system for the optimized systems. The results sup-
port that chitosan and hydroxyapatite incorporated HDPE system
can be considered as a classical implant material with improved
energy absorbing ability when subjected to an external impact
force and biocompatible nature which can further be recom-
mended for clinical research. The increased use of day petroleum-
based porous HDPE implants could be substituted with an effective
implant with better mechanical performance which comprises of
HDPE as matrix and chitosan and hydroxyapatite as fillers for a
variety of applications with the aim of reducing the amount of
petroleum-based products.
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