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ABSTRACT: In this article, we report the mechanical
and biocompatibility properties of injection-molded high-
density polyethylene (HDPE) composites reinforced with
40 wt % ceramic filler [hydroxyapatite (HA) and/or
Al2O3] and 2 wt % titanate as a coupling agent. The me-
chanical property measurements revealed that a combina-
tion of a maximum tensile strength of 18.7 MPa and a
maximum tensile modulus of about 855 MPa could be
achieved with the injection-molded HDPE–20 wt % HA–
20 wt % Al2O3 composites. For the same composite com-
position, the maximum compression strength was deter-
mined to be 71.6 MPa and the compression modulus was
about 660 MPa. The fractrography study revealed the uni-
form distribution of ceramic fillers in the semicrystalline
HDPE matrix. The cytocompatibility study with osteo-

blast-like SaOS2 cells confirmed extensive cell adhesion
and proliferation on the injection-molded HDPE–20 wt %
HA–20 wt % Al2O3 composites. The cell viability analysis
with the 3(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide assay revealed a statistically significant dif-
ference between the injection-molded HDPE–20 wt %
HA–20 wt % Al2O3 composites and sintered HA for vari-
ous culture durations of upto 7 days. The difference in
cytocompatibility properties among the biocomposites is
explained in terms of the difference in the protein absorp-
tion behavior. VC 2011 Wiley Periodicals, Inc. J Appl Polym Sci
124: 2133–2143, 2012
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INTRODUCTION

In terms of compositional aspect, bone tissue is con-
sidered as a complex hybrid composite material that
is composed of collagen fibrils (polymer matrix) and
hydroxyapatite (HA) crystals (inorganic reinforce-
ment). The mechanical response of human bone is
related to mineralization and anatomical location.1,2

For hard-tissue replacement materials, their mechan-
ical behavior needs to be critically considered, as the
stiffness of the implant determines the load sharing
between the implant and the surrounding tissue.3–5

Therefore, the bone-matching mechanical perform-
ance is the critical issue to ensure the positive me-
chanical response of the implant.

In last few decades, attention has been directed
towards the development of polymer–ceramic com-
posites for load-bearing orthopedic applications. The
main advantage of the use of such composites is the
fact that by varying the type and amount of the rein-
forcing phase, one can tailor their mechanical and
biological properties for desired applications.6 Poly-
mer–ceramic composites, with tailored modulus and
strength values, provide advantages compared to
pure polymers, ceramics, and metals for hard-tissue
replacement applications.
Attempts to enhance the mechanical performance

of thermoplastic polymers [e.g., high-density poly-
ethylene (HDPE)] to allow for their use as hard-tis-
sue substitutes have partially relied on the use of
HA reinforcement. HA, with the molecular stoichio-
metric formula Ca10(PO4)6(OH)2, has attracted wider
attention because of its excellent biocompatibility,
bioactivity, and osteoconductivity properties. How-
ever, its poor compressive strength and toughness
limits its applicability to low-load- or non-load-bear-
ing applications in the human body.7 Extensive
research has been carried out to develop HA-based
composite materials, and a variety of polymers have
been used. The bone-analogue concept, which pro-
poses composites of a ductile polymer matrix
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[polyethylene (PE)] and a stiff ceramic phase (HA),
was initially proposed by Bonfield and co-
workers.8–15 However, the lower strength, modulus,
and stiffness of these composites compared to
cortical bone have limited their application as load-
bearing bone substitutes. Reis et al.16 provided an
alternative approach to enhance the mechanical per-
formance of fabricated HDPE/HA composites using
shear controlled orientation in injection molding.
Also, Pandey et al.17 reported that HDPE–HA com-
posites could exhibit an elastic modulus of 206–531
MPa, strengths in the range 20–24.3 MPa, and elon-
gations at break of 8.3–163%. Recently, the injection
molding of middle-ear implants with HA–HDPE
composition was carried out successfully.18

A review of the literature revealed that the me-
chanical properties of polymer–ceramic composites
critically depend on interfacial bonding between the
reinforced material and the matrix.19,20 The adhesion
of the reinforcement to the matrix can have a signifi-
cant effect on the characteristics and properties of
the composites.21 PE is a nonpolar, hydrophobic
polymer, and consequently, mechanical interlocking
exists between the HA particles and the PE matrix
in a conventionally processed HA–HDPE compos-
ite.22 The chemical interaction between the filler and
the polymer will lead to much improved bonding
and, hence, mechanical properties.8 The addition of
coupling agents provides other beneficial effects and
improves composite blending and injection molding.
Material interaction through polar coupling and
hydrogen bonding also provides good adhesion
between the ceramic and polymer components.

In recent research by Nath et al.,23 an HDPE–HA
composite with Al2O3 reinforcement was investi-
gated for biomedical applications. The bioinert char-
acteristics of Al2O3 make it useful as a component in
a great number of dental and orthopedic applica-
tions. The latest investigation of HDPE–HA–Al2O3

composites without any coupling agent was carried
out with an injection-molding route.24 A maximum
strength of 20 MPa and a modulus of 1 GPa with a
30 vol % ceramic loading were reported. An impor-
tant conclusion was that the injection molding of
HDPE composites with more than 30 vol % ceramic
loading was difficult because of a significant
increase in the viscosity and a decrease in the flow
rate. No biocompatibility study was conducted in
that study.

Inspired by the previous research work, we car-
ried out preliminary studies of chemically coupled
HDPE–HA–Al2O3 composites using the compres-
sion-molding technique.25 The objective was to
enhance the interfacial bonding between the poly-
mer and ceramic phases with coupling agents to
promote molecular bonding and, consequently to
improve interfacial adhesion.26,27

Carrying this work forward, we decided to use
the injection-molding route so that the ability to
make complex-shaped materials from the HDPE–
HA–Al2O3 compositions could be assessed. This was
in view of the fact that an important advantage of
injection molding is that the processed material can
be easily shaped into complex geometries in a short
production cycle or in a single run; this improves
the mechanical properties and microstructure.
In this article, we report the systematic investiga-

tion of the role of the polymer, ceramic, and cou-
pling agent on the injection molding of HDPE–HA–
Al2O3 hybrid biocomposites. The objective of this
work was to analyze the physicomechanical behav-
ior and biocompatibility of the composites. We also
evaluated the cell adhesion, cell viability, and pro-
tein absorption in a systematic manner. All the
obtained data were critically analyzed to assess the
suitability of the injection-molded HDPE–HA–Al2O3

composites for bone-replacement applications.

EXPERIMENTAL

Starting material

In this research, commercially available HDPE was
used as the matrix, and it was procured from Swa-
san Chemicals (Mumbai, India). Both HA and Al2O3

were used as reinforcements. HA was synthesized
by the widely reported suspension–precipitation
route, as described in our earlier work.28 The precur-
sor materials were CaO (M/S S. D. Fine-Chem, Ltd.,
product number 37614), H3PO4 (M/S Merck, Chemi-
cal Abstracts Service number 7664-38-2), and
NH4OH (M/S Qualikems, product number
A025112). Besides HA, commercially available alu-
mina (a-Al2O3, average size ¼ 4.8 lm, 99.4% pure,
Carborumdum Universal, Chennai, India) was used
as another ceramic filler in the composites. The cou-
pling agent used in this study was titanium IV 2-
propanolatotrisisooctadecanoato-O, obtained from
Kenrich Chemicals Pvt., Ltd, Bayonne, NJ, USA.
At the start, HDPE, HA, and Al2O3 were physi-

cally mixed in the presence of 2 wt % coupling
agent. In view of our earlier research on the HDPE–
HA–Al2O3 system,25 it was decided to load 40 wt %
filler (20 wt % HA and 20 wt % Al2O3) in polymer
matrix. Injection molding was carried out at a barrel
temperature of 180�C and a mold temperature of
25�C. The available cooling time was 30 s. The
process was followed with a back pressure of about
3 MPa.
In this study, four different polymer–ceramic com-

positions were formulated, as shown in Table I.
Unreinforced HDPE is designated as sample IS1. HA
powders of 40 wt % were mixed with the HDPE ma-
trix and the coupling agent to produce sample IS2,
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and IS3 was composed of 40 wt % Al2O3 with the
coupling agent. The composition made from the si-
multaneous addition [40 wt % filler] of both HA and
Al2O3 (1 : 1) in the presence of the coupling agent to
60 wt % HDPE powder was designated as IS4. In
the IS2, IS3, and IS4 composites, 2 wt % coupling
agent was used.

Physicomechanical and structural morphology
characterization

The density measurement of HDPE (IS1) was carried
out in alcohol and that of the other composites was
carried out in water with the use of Archimedes’s
principle. The hardness of the developed composites
was measured with a Vickers microhardness tester
(Michigan City, IN, USA) with an indent load of 10 g.
The tensile testing of the prepared samples was car-
ried out with an Instron 1195 instrument (Grove City,
PA, USA) at a crosshead speed of 0.5 mm/min. For all
the runs, a fixed gauge length of 25 mm was used.
With the help of stress–strain response, we calculated
the tensile modulus and percentage elongation at
break. Compression tests were also performed on the
Instron 1195. The samples used for the compression
test were cylinder-shaped and were tested at a cross-
head speed of 0.5 mm/min with a load cell of 2 kN.

All mechanical tests were repeated three times
(four specimens each time) for each material compo-
sition. Statistical analysis was performed with the
statistical significance at p < 0.05.

In vitro biocompatibility properties

Cell culture experiments

Human osteoblast SaOS2 cells (ATCC) were revived
before they were seeded on the samples. SaOS2 cells
were cultured in McCoy’s medium 5A (Sigma
Aldrich, St. Louis, MO, USA) supplemented with 15%
fetal bovine serum (FBS) and 1% penicillin/strepto-
mycin solution. The cell lines in the sterile tissue cul-

ture flask were incubated for further proliferation and
growth in a standard CO2 incubator (Thermo, Hud-
son, New Hampshire, USA) operated under condi-
tions of 5% CO2, 95% relative humidity, and a 37�C
temperature until confluent. The medium was
replaced from time to time to control the pH. The con-
fluent monolayer was detached from the tissue cul-
ture flask with 0.50% trypsin and a 0.20% ethylene
diamine tetraacetic acid solution (Sigma Aldrich).

Cell adhesion test

For seeding on the composites, the prepared compo-
sites were ultrasonically cleaned, autoclaved, and
then dehydrated with 70% ethanol for 24 h to steri-
lize them. We removed ethanol by washing the sam-
ples twice with phosphate buffer saline (PBS). The
samples were then exposed to UV light for 2 h and,
finally, soaked in medium containing 10% FBS for
12 h. As described in the previous subsection, SaOS2
cells were grown in McCoy’s medium 5A supple-
mented with 10% FBS and 1% penicillin/streptomy-
cin solution. All the samples were sterilized, and
subsequently, the cells were seeded on the samples
at an approximate density of 3 � 105 cells/mL using
a hemocytometer. The culture plates (with four
wells) and the test samples were then incubated in a
CO2 incubator in the previously described environ-
ment. The culture medium was aspirated from time
to time, and fresh culture medium was added to the
culture plate wells. After the stipulated time period
(2–3 days), the samples were washed twice with
PBS, and then, the cells were fixed with 1.5% glutar-
aldehyde diluted in PBS. The composition of PBS
included 137 mM sodium chloride, 2.7 mM potas-
sium chloride, 10 mM disodium hydrogen phos-
phate, and 2 mM potassium dihydrogen phosphate.
The cells, adhered on the material surfaces, were
dehydrated with a series of ethanol solutions (30, 50,
70, 90, and 100%) for 10 min twice and then further
dried with hexamethyldisilazane. The dried samples

TABLE I
Summary of the Data from the Mechanical Tests Performed on the Injection-Molded Samples

Sample Designation Composition
Densification

(%)

Compressive
strength
(MPa)

Compressive
modulus
(MPa)

Tensile
strength
(MPa)

Tensile
modulus
(MPa)

Elongation
at break

(%)

1 IS1 HDPE 99.0 57.2 6 1.4 469.1 6 150.0 24.2 6 0.9 564.3 6 130.2 855.4
2 IS2 HDPE þ 40 wt %

HA (2%
coupling agent)

93.4 67.0 6 1.2 532.1 6 148.8 14.3 6 0.1 679.1 6 110.4 47.9

3 IS3 HDPE þ 40 wt %
Al2O3 (2%
coupling agent)

95.1 71.6 6 1.0 312.7 6 108.2 16.4 6 0.8 673.4 6 102.7 95.0

4 IS4 HDPE þ 20 wt %
HA þ 20 wt %
Al2O3 (2%
coupling agent)

95.6 70.2 6 1.7 660.9 6 118.0 18.7 6 0.4 855.4 6 108.4 6.8
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were sputter-coated (Vacuum Tech, Bangalore,
India) with gold and examined with a scanning elec-
tron microscope (Philips, Quanta, Hillsboro, Oregon,
USA).

3(4,5-Dimethylthiazol-2-yl)-2–5-diphenyltetrazolium
bromide (MTT) assay

The MTT assay (Sigma, St. Louis, MO, USA) is a col-
orimetric assay that has been used to test cytotoxic-
ity and cell viability. To perform this assay on our
composites, SaOS2 cells were cultured with the pre-
viously described cell-culturing method. The sterile
injection-molded composites were placed in a 24-
well plate (exposed to UV light for 30 min), and the
cells were seeded (200 lL McCoy’s medium 5A with
cell suspension, serum, and antibiotic) at an approxi-
mate density of 3 � 105 cells/mL. Subsequently, the
culture plates, having replicates of each composition,
were incubated for 3, 5, and 7 days in a CO2 incuba-
tor. After the incubation periods, the medium was
aspirated, and samples were washed twice with
PBS. Fresh DMEM (100 lL, without phenol red) was
added. In the next step, 10 lL of reconstituted MTT
(Sigma) was added to each well (5 mg/mL in dulbu-
co’s modified eagle medium, (DMEM) (Sigma
Aldrich, St. Louis, MO, USA) without phenol red
and serum), and each plate was incubated for 6–8 h.
The culture plate was observed under a phase-con-
trast microscope (Nikon, Eclipse 80i, Tokyo, Japan)
to check for the formation of purple formazane crys-
tals. After the required incubation time, the samples
were removed from the well, and 100 lL of dimethyl
sulfoxide (stop solution) was added to each well,
including the control. The optical density of the so-
lution was measured at 540 nm with an enzyme
linked immunosorbent assay (ELISA) automated
microplate reader (Bio-Tek, ELx800, Winooski, Ver-
mont, USA).

Protein absorption

The protein adsorption study was performed with a
standard protein adsorption protocol [microbicinch-
ronic acid (BCA) kit, Sigma Aldrich). The equal pro-
tein source (initial concentration � 5 mg/mL) was
filled in a 24-well plate containing injection-molded
samples. The plate was then placed in a sterile incu-
bator at 37�C for the standard incubation time. The
samples were then washed with equal volumes of
purified (deionized, DI) water to remove the nonad-
herent proteins. Then, all of the samples were
washed with an equal amount of 1� PBS to dissolve
the absorbed protein. Thereafter, 1� PBS was placed
in another well plate. A 1% sodium docedyl sulfate
solution was added to each well, and the wells were

incubated at 50�C for 15 min. The protein concentra-
tion was analyzed with the BCA protein assay.
In this assay, the reduction of Cu2þ to Cu1þ takes

place by protein in an alkaline medium with the
selective colorimetric detection of the cuprous cation
(Cu1þ) by bicinchoninic acid. Protein reacts to pro-
duce the light blue to violet complex that absorbs
light at 540 nm. Such a color change can be mea-
sured at any wavelength between 540 and 570 nm
with a minimal (<10%) loss of signal. The rate of
BCA color formation is dependent on the incubation
temperature, the type of protein absorbed on the
sample, and the relative amount of reactive amino
acids contained in the proteins.

Statistical analysis

MTT analysis results were statistically analyzed with
the commercial SPSS-13.0 software, New York, USA.
To measure the statistical difference among the ab-
sorbance values of the prepared samples, we used the
analysis of variance method. In particular, the post hoc
comparison of the mean of independent groups were
made with the Tukey test at a statistical significance
value of p < 0.05.

RESULTS AND DISCUSSION

Physicomechanical characterization and
structural morphology

In this investigation, large square discs of 80 � 80
mm2 in size with a thickness of around 3–4 mm
were obtained with both the HDPE monolith and
the composites. In particular, pure HDPE processed
through injection molding showed a maximum con-
solidation of 99% qth (Theoretical Density), whereas
the other compositions possessed densities varying
in the range of 94–95% qth (Theoretical Density). The

Figure 1 Vickers hardness of the prepared compositions.
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selected injection-molding conditions, therefore,
were capable of producing rather dense composites
in the HDPE–HA–Al2O3 system.

The indication of relative microscale deformability
for polymers can be assessed with Vickers hardness
testing. In Vickers hardness testing, the resistance of
a material to undergo viscoelastic deformation for a
polymer is typically measured under an indentation
load. The obtained results for this study, as shown
in Figure 1, clearly indicate that the hardness
increased with the addition of 40 wt % HA in HDPE
(IS2) and was found as 587 MPa, which was lower
than that of the HDPE composite with 40 wt % addi-
tion of Al2O3 as a filler (IS3). The hardness value of
IS2 increased six times compared to that of IS1. For
composition IS4, that is, the composite with equal
weight percentage additions of both inorganic fillers
(HA and Al2O3), the hardness reached 818.2 MPa;
this showed a ninefold increase over pure HDPE.
The obtained values were in the range of hardness
of human cortical bone, which ranges between 234
and 760 MPa.21 The increased resistance to indenta-
tion of the HDPE composite could be ascribed to the
relatively uniform distribution of HA and Al2O3 par-
ticles and the decrease in interparticle distance with
particle loading in the matrix, as discussed later. We
concluded that the ceramic fillers were homogene-
ously distributed in the polymer matrix and that the
presence of the coupling agent provided better inter-
facial bonding between both the inorganic and or-
ganic phases.

It is well known that most polymers, when loaded,
have a distinctive index for undergoing viscoelastic
deformation. This type of deformation is enhanced at
indent contacts in the presence of complex stress con-
ditions. In this study, the indent impressions were not
distinct; this indicated the softness of the thermoplas-
tic phase and a significant recovery due to the visco-
elastic nature. However, the prepared composites IS2,
IS3, and IS4 provided higher hardness values than
those reported earlier.29–31

The mechanical behavior of the prepared hybrid
composites (IS2–IS4) were investigated by means of
uniaxial tensile testing of dog-bone-shaped samples
and compression testing of cylindrical-shaped sam-
ples. For comparative study, pure HDPE was also
tested under identical testing conditions. The com-
pression modulus and strength were obtained from
stress versus strain response. The elastic modulus,
tensile strength, and elongation at break were calcu-
lated with tensile test data. All of the experimental
data are summarized in Table I.

Typical tensile stress–strain curves for various
investigated materials are shown in Figure 2(a,b).
The tensile modulus and elongation at break are
summarized in Figure 2. The tensile modulus of the
IS4 was about 1.5 times greater than that of IS1. The

compressive moduli were calculated from the com-
pressive test data, as shown in Figure 3(a,b), for IS1
and IS4. To show reproducibility in the compression
behavior, the data from multiple test runs are plot-
ted in Figure 3.
As mentioned previously, tensile tests were per-

formed on tensile specimens of the IS1–IS4 compo-
sites. Four specimens from each set were tested, and
the average for each set of specimens is plotted as a
function of composition in Figure 4. The elastic modu-
lus was calculated from the slope of the initial linear
part of the stress–strain diagrams (Figs. 2 and 3). The
average elastic moduli for each set of samples were
also plotted as a function of their compositions
(Fig. 4). The results showed that IS1 had a tensile
strength of 24.2 MPa (60.9 MPa), whereas the tensile
strengths of IS2–IS4 were found to be 14.3 MPa
(60.1 MPa), 16.4 MPa (60.8 MPa), and 18.7 MPa

Figure 2 Typical tensile stress–strain curves of prepared
composites (a) IS1 and (b) IS2, IS3 and IS4 calculated from
the load-extension data of the tensile tests. [Color figure
can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

HDPE–HA–AL2O3 HYBRID COMPOSITES 2137

Journal of Applied Polymer Science DOI 10.1002/app



(60.4 MPa), respectively. The tensile modulus of neat
HDPE (IS1) was found to be the minimum, that is,
564.3 MPa (6130.2 MPa). It was clear from the results
that the presence of the filler and coupling agent
increased the tensile modulus but decreased the
strength. The ceramic fillers reduced the melt viscosity
and increased the plasticity of the overall composition.
The IS4 composite showed highest tensile strength in
comparison to IS2 and IS3 with a high tensile modu-
lus. The presence of ceramic filler clearly increased the
stiffness of the composite with no significant effect on
the tensile properties. A small drop in the tensile
strength for the composite samples is believed to have
been due to interfacial bonding between the HDPE
matrix and HA/Al2O3 reinforcement.

Uniaxial compression tests were carried out on
four cylindrical samples for each set of as-processed
composites. The ultimate compressive failure

strength, compressive modulus, and compressive
strength at which failure initiated in each sample
were calculated from the stress–strain plot obtained
for each sample. The averages of each strength value
are reported and plotted in Figure 4. The compres-
sive modulus of the IS4 composite was also about
1.5 times greater than that of IS1, that is, pure
HDPE. A general observation was found in the
strength of composite IS3. The presence of Al2O3 as
a filler provided better strength to the IS3 composite
compared to IS2. Another important thing that was
noticed was the elastic modulus (E- modulus) of the
composite, which could be easily correlated with the
modulus of HA and Al2O3. The E moduli of HA
and Al2O3 were about 85 and 390 GPa, respec-
tively.22 The maximum elongation was found in IS1
(pure HDPE), and the minimum was measured in
IS3, the composite having 40 wt % Al2O3 (Table I).
Scanning electron microscopy (SEM) micrographs

of the tensile fractured surfaces for IS1–IS4 are
shown in Figure 5. For all the composites, the poly-
mer matrix underwent extensive deformation, and
long polymer flaps or wavy ligaments were
observed. At higher magnification [Fig. 5(e,f)], it was
observed that the HA and Al2O3 particles were held
at the center of rings on the fractured surfaces and
were still being attached to the drawn polymer ma-
trix. This clearly suggested a strong bond between
the ceramic filler and the polymer matrix, which
possibly was facilitated in the presence of the cou-
pling agent. It has been already reported that cou-
pling agents improve the dispersion and bonding of
ceramic fillers in the polymer matrix.32,33

In vitro biocompatibility properties

The biological performance of the injection-molded
polymer–ceramic composites was evaluated with

Figure 4 Comparative representation of the obtained me-
chanical strength and relative E modulus values of the
prepared composites.

Figure 3 Typical compression stress–strain curves of (a)
IS1and (b) IS4 calculated from the load-extension data of
the compression tests. To illustrate the reproducibility in
compression behavior, the data of multiple runs are plot-
ted. [Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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SaOS2 osteoblast-like cells. SEM results indicate that
the composite surfaces allowed the attachment and
spreading of the cells, which kept a normal cellular
morphology. After 3 days of culturing, the osteo-
blast-like cells reached the confluency level on the
surfaces of all the compositions. Most of the cells
were flattened, some were star-shaped or polygon-
shaped and spread on the surface to give the simili-
tude of cellular junctions [Fig. 6(a,b)]. The highly
extended fillipodia and rough surfaces of the cells
were characteristic of active cells, as shown in Figure
6(b). SEM images at higher magnification revealed
the formation of an extracellular matrix, an extensive

network of fibrillar and globular substances [Fig.
6(b,c)] organized and secreted by the SaOS2 cells.
To assess the cellular viability with the MTT

assay, SaOS2 cells were cultured on the prepared
polymer–ceramic composites for various timeframes.
The osteoblast-like cell viability was found to
increase in the prepared samples from day 3 to day
7 (see Fig. 7). As indicated in Figure 7, the osteoblast
viability was quite similar on HA and IS4 on day 7.
Similar observations were made for IS2 and HA on
day 5. Although the number of viable cells on the
surface of the samples, along with the control and
HA disc, was significantly smaller on day 3

Figure 5 SEM images of the fractured surfaces obtained after tensile testing at a crosshead speed of 0.5 mm/min: (a) IS1,
(b) IS2, (c) IS3, and (d) IS4. (e,f) SEM images of the fractured surfaces of IS4 after tensile testing.
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(p < 0.05), there was no significant difference
between the control and HA. However, the IS2, IS3,
and IS4 composites were significantly different from
each other. In contrast, a statistically significant
increase in the cell viability was measured for the
SaOS2 cells on IS4 for all 3, 5, and 7 days of cultur-
ing (p < 0.05).

In the investigated HDPE–HA–Al2O3 composites,
significant differences in the osteoblast adhesion and
spreading on the surface depended on the differen-
ces in chemical composition and topography of the
substrates.34–37 To show the surface topographical
features of the investigated composites, Figure 8
presents some representative high-magnification
SEM images of the composites. A closer look at Fig-
ure 8(a–c) reveals more rough surface features in the
IS4 composite as compared to the IS3 composite.
The IS2 composite surface also appeared to be
rougher than that of the IS3 composite. The presence
of unevenness, cracks, and pores contributed to the
surface roughness. The presence of pores and a
rough surface [Fig. 8(a,c)] was reflected in higher
protein adsorption and cell growth. The cell adhe-
sion behavior, cell viability, and protein adsorption
behavior were more enhanced in the IS4 composite
compared to the IS3 composite. In this investigation,
IS2 and IS4 showed better cell viability than IS3. De-

spite the initial delay in cell proliferation on IS4,
SaOS2 cells, nevertheless, appeared to proliferate sig-
nificantly with longer culture duration. IS3 showed
less proliferation in all the days of culture. This

Figure 6 SEM micrographs of the osteoblast cells on the (a) composite, (b) IS2, and (c) IS4.

Figure 7 MTT assay results showing the SaOS2 cells on
the control, HA, and composite samples after 3, 5, and 7
days of culturing. An asterisk represents a significant dif-
ference at p < 0.05 with respect to the compositions, and
the error bars correspond to 61.00 standard error for the
number of days of culturing. OD, optical density.
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could be correlated with the better biocompatibility
of HA compared to Al2O3.

The difference in cell viability or cell proliferation
among the IS1–IS4 materials could be better
explained in terms of differences in the protein
absorption behavior. Proteins are amphiphatic mole-
cules, which typically adhere to the surface of a bio-
material in a non-specific manner. In different cases,
such non-specific adhesion is sufficient to artificially
immobilize proteins on the material surface, and no
surface modification is necessary. The high hydro-
phobicity of many proteins has been reported to
play an important role in their absorption on particle
surfaces.38 In this study, bovine serum albumin, a
soft protein, was used. Soft proteins are reported to

be able to change their conformation better than
hard proteins. When absorbed on solid surfaces, soft
proteins improve the efficacy of the absorption pro-
cess compared to hard proteins, such as fibrinogen,
a-chymotrypsin, ribonuclease, lysozyme, and
b-lactoglobulin.
The protein absorption behavior of biomaterials is

dependent on the presence of biocompatible phases
in the composite surface. In this case, the maximum
absorption was measured for HA, IS2, and IS4, as
shown in Figure 8(a). This might have been due to
the presence and homogeneous distribution of the
biocompatible HA filler. For example, a lower
absorption was noticed in IS3; this was further
reflected in the cell viability measured by the MTT
assay. This might have been correlated with the
presence of Al2O3, which was comparatively less
biocompatible than HA. The protein absorption
behavior of the prepared composites showed statisti-
cally significant differences among IS2, IS3, and IS4
with respect to HA and the control disc (Fig. 9).

Figure 8 Higher magnification images of the samples
showing the surface morphologies: (a) IS2, (b) IS3, and (c)
IS4.

Figure 9 Protein absorption of the composites: (a) compo-
sition versus absorbed protein density (incubation time ¼
4 h; the asterisk represents a significant statistical differ-
ence at p < 0.05) and (b) incubation time versus absorbed
protein density.
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Apart from this, another study was performed to
find out the incubation time, where protein absorp-
tion was isolated [Fig. 9(b)]. For this, the experiment
was planned with a number of replicates for each
composition. All the replicates were divided in a
particular set, which was differentiated by the num-
ber of hours.

Along with the control disc and sintered HA, all
the samples were seeded with a similar concentra-
tion of protein for identical timeframes. After every
hour, one set of samples was studied for BCA assay.
This experiment was performed continuously for a
number of hours to determine the isolated stage. For
this study (up to 4 h), the protein density increased
continuously, but no significant change was
observed. After 5 and 6 h of incubation, no changes
were observed in the absorbed protein concentra-
tion. These experimental results reconfirmed that the
absorption mechanism was dependent on the start-
ing protein concentration and material composition.

In closing, it needs to be mentioned that this arti-
cle possibly provides the first comprehensive report
on the mechanical and biological properties of injec-
tion-molded HDPE–HA–Al2O3 biocomposites. In our
earlier work,24 we found that 30 wt % ceramic filler
could only be loaded in the HDPE matrix, and this
critical amount was found after systematic analysis
of the viscosity and shear flow rate of polymer melts
with various ceramic filler additions. No biological
study were conducted on the composites in our ear-
lier publication.24 This research reveals that in the
presence of a coupling agent, HDPE with a 40 wt %
ceramic loading can be injection-molded without
any processing difficulties. The hardness and modu-
lus were higher compared to those reported in our
earlier work.24 On the other hand, a complete
in vitro biocompatibility study, including cell viabil-
ity and protein absorption behavior, was performed
in this case. With all the mechanical and in vitro
cytocompatibility results taken together, the injec-
tion-molded HDPE composites are considered suita-
ble for preclinical trials and in vivo implantation.

CONCLUSIONS

1. This study demonstrated that large square disc
(80 � 80 mm2) HDPE composites with 40 wt %
ceramic filler (HA and/or Al2O3) with good
mechanical and biocompatibility properties
could be obtained with the injection-molding
route without any processing difficulties.

2. The Vickers hardness increased with ceramic
loading and reached a maximum of about 800
MPa with simultaneous addition of both HA
and Al2O3 (1 : 1) to 60 wt % HDPE. The tensile
test results revealed that a maximum tensile

strength of more than 18 MPa and a tensile mod-
ulus of close to 855 MPa were achievable with
the HDPE composite loaded with 40% ceramic.
In addition, a higher compressive strength of
95.6 MPa was measured in the HDPE–20 wt %
HA–20 wt % Al2O3 composite. Another observa-
tion was that the elongation at break decreased
with ceramic loading. Interestingly, uniformly
distributed HA and Al2O3 particles were found
to be attached with the deformed polymer ma-
trix on the fractured surfaces.

3. The injection-molded HDPE–HA–Al2O3 compo-
sites supported the attachment and growth of
human osteoblast like SaOS2 cells. The experi-
mental results reveal that the cells were flat-
tened and polygonally shaped, and the
spreading/morphological features gave the si-
militude of cellular junctions.

4. The cell viability of the SaOS2 osteoblast-like
cells increased with incubation period (from
day 3 to day 7) on the injection-molded HDPE
biocomposites, and importantly, a statistically
significant difference in terms of cell viability
was measured between the injection-molded
HDPE–HA–Al2O3 and sintered HA.

5. The cell viability results corroborated well with
the protein absorption behavior. Protein
absorption studies revealed that the absorbed
protein density on HDPE–20 wt % HA–20 wt
% Al2O3 was maximum. In all the composites,
the density of the absorbed protein increased
with incubation period up to 4 h, which after-
ward attained a steady state. Similar behavior
in terms of cell viability, proliferation, and pro-
tein absorption were observed with HDPE–40
wt % HA and HDPE–20 wt % HA–20 wt %
Al2O3.

The authors thank Department of Biotechnology (DBT), New
Delhi, INDIA for the financial support to establish the cell
culture facility.
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