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Ultrahighmolecular weight polyethylene (UHMWPE) is widely used as bone-replacementmaterial for articulat-
ing surfaces due to its excellent wear resistance and low coefficient of friction. But, the wear debris, generated
during abrasion betweenmating surfaces, leads to aseptic loosening of implants. Thus, various reinforcing agents
are generally utilized, whichmay alter the surface and biological properties of UHMWPE. In the currentwork, the
cellular response of compression molded UHMWPE upon reinforcement of bioactive multiwalled carbon nano-
tubes (MWCNTs) and bioinert aluminum oxide (Al2O3) is investigated. The phase retention and stability were
observed using X-ray diffraction, Raman spectroscopy and Fourier transform infrared (FTIR) spectroscopy. The
reinforcement of MWCNTs and Al2O3 has shown to alter the wettability (from contact angle of ~88° ± 2° to
~118° ± 4°) and surface energy (from ~23.20 to ~17.75 mN/m) of composites with respect to UHMWPE, with-
out eliciting any adverse effect on cytocompatibility for the L929mouse fibroblast cell line. Interestingly, the cel-
lular growth of the L929 mouse fibroblast cell line is observed to be dominated by the dispersion fraction of
surface free energy (SFE). After 48 h of incubation period, a decrease in metabolic activity of MWCNT–Al2O3 re-
inforced composites is attributed to apatite formation that reduces the dispersion fraction of surface energy.
The mineralized apatite during incubation was confirmed and quantified by energy dispersive spectroscopy
and X-ray diffraction respectively. Thus, the dispersion fraction of surface free energy can be engineered to
play an important role in achieving enhanced metabolic activity of theMWCNT–Al2O3 reinforced UHMWPE bio-
polymer composites.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Biomaterials are used to direct, replace or supplement the function
of living tissues of the human body. These are bone plates, sutures,
heart valves, vascular grafts, joint replacements, intraocular lenses, liga-
ments, dental implants etc. [1,2]. These may be metals (Ti–6Al–4V,
steel), ceramics (HAP, Al2O3), polymers (PMMA, polyolefins, nylon)
as well as composites. UHMWPE, an engineering polymer, has
unique combination of properties such as: highest slurry-abrasion
resistance, exceptional impact resistance, low coefficient of friction,
self-lubricating properties, outstanding stress-crack resistance, high
resistance to cyclic fatigue failures and clearance for use in food
and biomedical application [3]. The first hip prosthesis was im-
planted by using UHMWPE in the 1960s as an alternate to PTFE
(polytetrafluoroethylene) and was found to be the best choice for
total joint applications only for short term periods (~15–20 years) due
to serious problem of wear debris formation and aseptic loosening,
which leads to osteolysis [4]. Since the late 2000s profound research
work was carried out to develop materials with enhanced tribological
performance by crosslinking via gamma-irradiation, sterilizing with
ethylene oxide, using cold atmospheric pressure, and gas plasma and
organosilane treatment with partial damage of the outer surface of
UHMWPE for in vitro as well as in vivo applications [5–7]. To maintain
the original properties of materials, some alternative non-destructive
routes were also developed to improve the wear performance of the
composites. The reinforcement of a polymer matrix with inorganic
(Al2O3, zirconia) as well as organic (carbon fibers and carbon nano-
tubes) fillers is the best route to fabricate prosthesis with super perfor-
mance than virgin polyethylene components in total joint replacements
[8,9].

The reinforcement of UHMWPE with 1 wt.% multiwalled carbon
nanotubes (MWCNTs) drastically enhanced ductility (~140%) andmod-
ulus (~25%) [10]. It is well reported in literature that MWCNTs are ex-
tremely strong with tensile strength of ~200 GPa and Young's
modulus of ~1 TPa and flexible (with break strain of ~10–30%) [11,
12]. The effective utilization of MWCNTs into amatrix strongly depends
on its homogeneous dispersion in thematrix, without destroying the in-
tegrity ofmatrices andMWCNTs–matrix interface bonding, which plays
amajor role in load transfer acrossMWCNTs–matrices interfaces during
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application of mechanical stress [13–20]. Toughening of material is also
improved by graftingwith coupling agents likemaleic anhydride (PE-g-
MAH) and silanes and reinforcingwith nano/micro-particles (3% SiC) as
well as organic sheets by 0.2–9.0 wt.%, processed via compression
molding [17,21–25]. Huang et al. reported that with 3% SiC with differ-
ent coupling agents, an increase in the flexural strength by ~17% (16.7
to 19.6 MPa) than without a coupling agent was observed. Gupta et al.
and Bakshi et al. [26–28], have reported the hybrid composites based
on the UHMWPE–HAP–Al2O3–MWCNT system and found that an addi-
tion of 5 wt.% alumina has led to an increase in the hardness and mod-
ulus by 12% and 5.2%, respectively, while, 5wt.% HAP addition has led to
a decrease in the hardness andmodulus by 44.5% and 53.8%, respective-
ly, when compared to that of UHMWPE.

Ji-Hoon Lee et al. [29] have reported that reinforcement of silane
modified MWCNTs in UHMWPE nanocomposites has resulted in signif-
icant lowering of specific wear rate by ~59%, when compared to that of
virgin UHMWPE. It was observed that wear debris causes the immature
failure of implants since the host cells produce cytokines (precursor of
osteoclasts) that start consuming the bone around the implant and re-
sult in implant loosening [30,31]. Thus, in order to reduce the formation
ofwear debris,MWCNTs are reinforced into theUHMWPEmatrix due to
its lubricating property. It is reported that UHMWPE formed shish–
kebab crystalline structurewithMWCNTs [32], which enhances theme-
chanical properties of composites especially tensile modulus and frac-
ture toughness. Enhanced crystallinity is observed after adding
MWCNTs into the UHMWPE matrix [33–35]; on the other hand it is
shown that the crystallinity of UHMWPE is not affected by the addition
of MWCNTs [36].

Hydroxyapatite (HA) is one of the most important bioceramics for
medical applications due to the similar chemical composition (Ca/P
ratio of 1.67) to the mineral component of the natural human bone
[37,38]. Extensive work has been reported on biomedical applications
of HA and its composites via filler reinforcements, FGM formation, sur-
facemodification, grafting and coating [37–40]. The formation of apatite
during incubation (cell culture) is checked by the SBF immersion test
that predicts the activity of biomaterials in vitro [41]. Zadpoor and
Szubert et al. [41,42] reported the apatite formation test at mica surface
supported by physiological mineralization. It was observed that the
layers of lipids such as dipalmitoylphosphatidylcholine (DPPC) on the
inorganic material surfaces enhance the mineralization and crystal
Fig. 1. SEM images of as received (A) UHMW
growth at 37 °C [41,42], but systematic quantitative analysis is not re-
ported yet.

Above all, the surface free energy (SFE) of any biomaterial plays an
important role in cell adhesion and proliferation, but a systematic
analysis which correlates the polar and dispersion fractions of SFE
with the density of metabolically active cells and apatite mineralization
is not quantified. In the present work, multiwalled carbon nanotubes
(MWCNTs) and Al2O3 were synergistically reinforced into a UHMWPE
matrix in varying percentages via a compression molding process. The
phases, chemical, andmicrostructure of the nanocomposites were char-
acterized by X-ray diffraction analysis, FT-IR, Raman spectroscopy, and
scanning electron microscopy. The biocompatibility and cellular re-
sponse of composites were studied via L929 mouse osteoblast cell line
(American Type Cell Collection—ATCC) in vitro cell culture experiments.
The cell density was correlated with the surface free energy (SFE) of
composites, which indicate that the cell adhesion mechanism in
Al2O3–MWCNT–UHMWPE biopolymeric composites is strongly en-
hanced with increasing dispersion fraction of SFE.

2. Experimental section

2.1. Materials and processing

The UHMWPE medical grade powder (GUR™ 1020) with a density
of 0.93 g/cm3 was supplied by Ticona GmbH (Werk Ruhrchemie)
Germany. The molecular weight of UHMWPE is 2.7 × 106 with particle
size ranging between 10 and 300 μmobserved using a scanning electron
microscope as shown in Fig. 1A andmeasured using a laser particle size
analyzer (Analysette 22; Fritsch GmbH, Germany). The acicularα-Al2O3

(~99.9% purity, particle size of 10–30 μm, see Fig. 1B, and density of
~3.953 g/cm3) was procured from Allied Hi-tech Products, USA.
Multiwalled carbon nanotubes (MWCNTs) (95%+ purity, outer diame-
ter of 30–50 nm, inner diameter of 5–15 nm and length up to 10–20 μm
with true density of ~2.1 g/cm3, Fig. 1C) were procured from Nano-
structured and Amorphous Materials Inc., NM, USA. In order to prepare
the hybrid composites, varying wt.% values of MWCNTs (2, 5 &10%)
with fixed wt.% of Al2O3 (15%) were added into the UHMWPE matrix,
followed by solvent physical blending for 4 h. It was also found that
blending did not change the size and shape of the reinforcements
MWCNTs and Al2O3.
PE, (B) Al2O3 and (C) MWCNT powders.
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Table 1
Composition, densification and hardness of composites.

Sample ID Compositions Densification
(% ρth)

Average
porosity (%)

Hardness
(MPa)

U UHMWPE 99.8 ± 0.1 0.2 ± 0.1 36.1 ± 3.4
U–15A UHMWPE–15 wt.% Al2O3 96.1 ± 0.0 3.9 ± 0.0 49.5 ± 1.6
U–15A–2C UHMWPE–15 wt.%

Al2O3–2 wt.% MWCNT
94.9 ± 0.1 5.1 ± 0.1 54.6 ± 3.4

U–15A–5C UHMWPE–15 wt.%
Al2O3–5 wt.% MWCNT

94.0 ± 0.0 6.0 ± 0.1 58.9 ± 3.3

U–15A–10C UHMWPE–15 wt.%
Al2O3–10 wt.% MWCNT

93.7 ± 0.1 6.3 ± 0.1 53.3 ± 1.8

Fig. 3. XRD pattern of (A) starting raw materials and (B) MWCNT and Al2O3 reinforced
UHMWPE composite pellets respectively.
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Cylindrical pellets (Ф=12mmand t=~3mm)were processed by
compressionmolding (SCM-30, M/s Santec Automation Pvt. Ltd., Delhi)
at processing temperature of 200 °C and pressure of 7.5 MPa at a hold
time of 60 min. The material designation used for the developed com-
posites is shown in Table 1.

2.2. Physical and mechanical characterization

The density of the sintered samples was measured by Archimedes'
principle using a CITIZEN CX 220 microbalance with ethanol as an im-
mersion medium (density ~ 0.789 g/cm3). Bulk hardness of the mate-
rials was determined using BAREISS-V-TEST, Bareiss Prüfgerätebau
GmbH, Germany, via Vickers macro-indentation experiments. Prior to
the indentation test, samples were cloth polished and ultrasonicated
for 10–15 min in analytical grade ethanol. Around eight indents were
taken at room temperature at 10 g applied load and 10 s dwell time.
The indent diagonals were measured to report the hardness values.

2.3. Phase characterization

The X-ray diffraction technique was used to identify the presence of
various phases and the degree of crystallinity in compression molded
UHMWPE with the reinforcement of Al2O3 and MWCNTs. Diffraction
patternswere obtained using a Rich-Seifert, 2000D diffractometer oper-
ated at 25 kV and 15 mA with Cu-Kα (λ = 1.541 Å) radiation at a step
size of 0.5°/min. Fourier transform infrared (FT-IR, vortex 70, BRUKER)
analysis was carried out in the range of 400–4000 cm−1. Further,
micro-Raman spectroscopy (WITec GmbH, Germany, Alpha 300) was
performed for powder feedstock and compression molded composite
pellets to validate the retention of carbon nanotubes by using a green
laser with wavelength of 514 nm.

2.4. Surface energy and roughness measurement

The surface energy was calculated using a computer-controlled go-
niometer system (Dataphysics Contact Angle System OCA) performing
sessile drop contact angle measurement with distilled water and n-
hexane on the processed Al2O3–MWCNT–UHMWPE biopolymeric
Fig. 2. SEM micrographs of fractured pellets of (A) UHMWPE and (B) U–15A–10C composite.
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composites. A water droplet with size of 3–4 mm diameter was gently
placed on the sample with the help of a syringe, and a charged coupled
device (CCD) camera was used to capture the images. The contact angle
on each sample was reported by averaging at least ~10 separate mea-
surements at different locations. The roughness (Ra) of compression
molded samples was calculated using an optical profilometer (PS50,
Nanovea, Irvine, USA).

2.5. Cellular response

2.5.1. Cell proliferation study
The L929mouse fibroblast cell linewas used for culture on the com-

pressionmolded Al2O3–MWCNT–UHMWPE biopolymer composite pel-
let, and a gelatin (0.2%) coated glass cover slip was used as a negative
control. The samples and control were ultrasonicated to remove any
surface oil or impurities, dried at room temperature and further steril-
ized by 70% ethanol in a UV chamber. L929 cells were cultured in
DMEM (Dulbecco's modified Eagles' medium), containing 10% serum
and 1% antibiotic with 5% CO2, 95% humidity and 37 °C temperature.
The metabolically active cells with a sub-confluent monolayer of L929
were seededwith cell density of ~5 × 104 on Al2O3–MWCNT–UHMWPE
biopolymer composite sample surface in 4 well plates. Subsequently,
the seeded samples were incubated for 2, 4 and 6 days for proliferation
of L929 cells on the material surfaces. After 48 h of incubation period,
the adhesion, proliferation and cell counting were reported. Cells were
washed twice in PBS (phosphate buffer saline) to completely remove
the culture medium and then fixed in 2% glutaraldehyde for 30 min
followed by dehydration via a series of 30%, 50%, 70%, 90% and 100%
ethyl alcohol solution for 10min twicewith each solution, and then fur-
ther dehydrated by 100% HMDS (hexamethyldisilazane). The samples
were sputter-coated using gold and cell adhesion and proliferation
and morphology were observed using a scanning electron microscope
(ZEISS, EVOR50).

2.5.2. MTT assay (ISO 10993-5) and calculation of cell density
TheMTT assaywasperformed for varying concentrations ofMWCNT

(0, 2, 5 and 10 wt.%) and fixed amount of Al2O3 (15 wt.%) reinforced
UHMWPE compressionmolded composite pelletswith the gelatin coat-
ed glass cover slip as a negative control. The viability was done for 2, 4
and 6 days of incubated L929, mouse fibroblast cell line (ATCC). L929
cells were seeded on the samples and control disc in 4 well plates at a
density of ~5 × 104 per well. Samples were incubated for 2, 4 and
6 days and then washed with 1× PBS. 50 μl of MTT (5 mg/ml PBS)/
100 μl of medium (DMEM) was added in each well and cells were
again incubated for 4 h at 37 °C. The precipitation of a tetrazolium
Fig. 4. FT-IR spectra of raw powders: (A) UHMWPE, and Al2O3 an
component, present in themitochondria of viable cells, into an insoluble
dark-blue formazan was achieved using MTT assay. Then, the formazan
crystals were dissolved by adding 200 μl of DMSO (dimethyl sulfoxide)
on each sample producing a blue color solution. The solution was then
transferred in a 96 well plate and cell viability was measured as an op-
tical density absorbance at 540 nm and 630 nmusing an automatedmi-
croplate reader (Bio-Tek, model ELx800) against DMSO as a blank
solvent. The relative optical density was converted to density of living
cells/mm2 using openCV (an open source computer version library soft-
ware) for the L929-mouse fibroblast cell line under 48 h of incubation
period. The statistical analysis of all plotted data was reported by
using Student's t-test with N95% confidence level (p b 0.05).

3. Results and discussion

3.1. Densification and hardness

From Table 1, it is clear that the relative densification of theMWCNT
(2, 5 and 10 wt.%) with Al2O3 (15 wt.%) reinforced UHMWPE compres-
sion molded composite is lower than that of virgin UHMWPE (from
99.7% to 93.7%). It has been observed that a decrease in densification
is muchmore inMWCNTswhen compared to that of Al2O3, which is at-
tributed toMWCNT entanglement in the viscous polymermatrix during
processing. It is also clear from Table 1 that reinforcements such as
MWCNTs and Al2O3 are enhancing the hardness in comparison to virgin
UHMWPE. It was observed that Al2O3 (15 wt.%) addition increases the
hardness (~37%), in comparison to that of virgin UHMWPE. This
amount of extent of Al2O3 was chosen after optimization for hardness
aswell asmechanical properties of composites (kindly see another pub-
lication [43]). For the fixed amount of Al2O3 content in the UHMWPE
matrix, different wt.% values of MWCNTs (2, 5 and 10) were reinforced
which gave (10, 19 and 8%) enhancement in the hardness when com-
pared to that of U–15A. The addition of a higher amount (say 10 wt.%)
of MWCNTs into the UHMWPE matrix, gave a comparatively lower
value of hardness (refer to Table 1), which may be attributed to higher
porosity of compression molded composites. The pure UHMWPE has
hardness of ~36.1 MPa. The highest hardness has been observed for
U–15A–5C of ~58.9MPa andwith the increasing amount of MWCNT re-
inforcement, the hardness decreases and the porosity increases. During
the hardness test no crackswere observed. Fig. 2 represents SEMmicro-
graphs of the fractured virgin UHMWPE and U–15A–10C compression
molded composite pellets. It is clear from the images that agglomeration
and pores were created into the pellets due to higher content of rein-
forcements. These are the main reasons of low densification for higher
content of reinforcements into the UHMWPE matrix composite.
d (B) MWCNT and Al2O3 reinforced UHMWPE composites.
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Fig. 5. Raman spectra of pristine MWCNT and MWCNT/Al2O3 reinforced UHMWPE
composites.

Fig. 6. The influence of reinforcements (Al2O3 and MWCNT) on the wettability as well as
surface roughness of composites. * means that the contact angle value is significantly dif-
ferent than that on UHMWPE (with p b 0.002) and # means that the surface roughness
value is significantly different than that of UHMWPE sample (with p b 0.002).
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3.2. Phase characterization

Fig. 3 shows the XRD patterns of the initial powders (Fig. 3A) and
MWCNTs–Al2O3 reinforced compression molded UHMWPE polymeric
biocomposites (Fig. 3B). The presence of UHMWPE shows two major
characteristic peaks at 21.9° and 24.2° while Al2O3 peaks well match
at 35.2°, 37.9° and 43.6°. MWCNTs show their characteristic peaks at
26.1° and 43.1°. It is observed that the starting peaks of UHMWPE and
Al2O3 (Fig. 3A) are intact in the processed composites as shown in
Fig. 3B. Further, no new phase is detected, which confirms that no reac-
tion phase has formed during processing. X-ray diffraction is
complemented with FTIR spectroscopy to allow for the detection of
any new (amorphous) phase thatmight have formedduring processing.

Fig. 4 shows the FT-IR spectra of initial UHMWPE, and Al2O3 pow-
ders (Fig. 4A) and fabricated composites (Fig. 4B). The characteristic
bands of UHMWPE at 1464 cm−1 C\H bending mode, 1367 cm−1

C\H asymmetric bendingmode, 730 cm−1 and 720 cm−1 C\H rocking
mode, 2922 cm−1 \CH2\ asymmetric stretch and 2850 cm−1 \CH2\
symmetric stretch have been observed in FTIR spectra as shown in Fig. 4.
A band at 867 cm−1 that corresponds to O\Al\O stretching was ob-
served due to the presence of Al2O3 in the composition. These findings
confirm that no degradation has occurred during processing, and thus,
original phases have been retained.

Absence of change in dipolemoment in theMWCNTsmakes them in-
visible in the FT-IR spectra. Hence, themicro-Raman technique is used to
detect the MWCNTs in the processed composites. Fig. 5 presents the
Raman spectrum of initial feedstockMWCNT powder and their compos-
ites with fixed amount of the alumina reinforced UHMWPE matrix. The
characteristic D (1340 cm−1) and G (1572–1582 cm−1) peaks (similar
to that of starting MWCNT) confirm its retention in the compression
molded Al2O3–MWCNT–UHMWPE biopolymer composites. These G
and D peaks correspond to the stretching mode of graphite and defects
in the graphite sheet, respectively. The decreased G/D ratio (from 1.18
to 1.03) indicates the damage to MWCNTs during processing.
Table 2
Surface free energy of composites.

Sample Total surface energy (mN/m) Polar component (mN/m)

U 23.20 5.16
U–15A 21.55 3.61
U–15A–2C 19.01 1.12
U–15A–5C 18.58 0.56
U–15A–10C 17.75 0.05
3.3. Surface energy and roughness measurement

The surface energy was estimated by the sessile drop method and
has been reported in Table 2. The contact anglewas plotted as a function
of roughness with respect to compositions and has been provided in
Fig. 6. In order to relate the wetting of processed Al2O3–MWCNT–
UHMWPE composites with the contributing polar and dispersion frac-
tions, the surface free energy (SFE) and their polar and dispersion
parts were calculated by the Owens–Wendt–Rabel–Kaelble geometric
mean equations as given below [26].

σs ¼ σs1 þ σ1 � cosθ ð1Þ

σ1 ¼ σ1
d þ σ1

p ð2Þ

σs ¼ σs
d þ σs

p ð3Þ

σs1 ¼ σs þ σ1−2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σs

d � σ1
d

q
þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σs

p � σ1
p

q� �
ð4Þ

1þ cosθ
2

� σ1ffiffiffiffiffiffiffiffiffi
σ1

d
q ¼

ffiffiffiffiffiffiffiffi
σs

p
q ffiffiffiffiffiffiffiffiffi

σ1
p

σ1
d

s
þ

ffiffiffiffiffiffiffiffi
σs

d
q

ð5Þ

where, σs1 is interfacial tension between liquid and solid, σs and σ1 are
surface energy of solid surface and surface tension of liquid, respective-
ly, σs

d and σs
p are dispersion and polar components of solid respectively,

and θ is the contact angle between solid and liquid.
Dispersion component (mN/m) Polar fraction Dispersion fraction

18.04 0.223 0.777
17.93 0.168 0.832
17.89 0.059 0.941
18.38 0.030 0.970
17.70 0.003 0.997
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Fig. 7. Scanning electron micrographs of L929 mouse fibroblast cells grown on (A) control gelatin coated cover slip disc and (B) U, (C) U–15A, (D) U–15A–2C, (E) U–15A–5C and (F) U–
15A–10C composites (in 48 h incubation period).

Fig. 8.MTT assay results showing the relative number of metabolically active L929 cells on
UHMWPEbased composites (*means that the cell count is significantly different than that
on a control sample, with p b 0.002 and♣means that the cell count is significantly differ-
ent than that on neat UHMWPE sample, with p b 0.002).

Fig. 9. Plot represents the density of metabolically active L929 mouse fibroblast cells dur-
ing 48 h culture period. The numbers of living cells were counted from the selected areas
(from SEM images of corresponding compositions, Fig. 7). (♣ means that the cell density
count is significantly different than that on a control sample (gelatin coated cover slip,
with p b 0.002).
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Fig. 10. Correlation between cell densities with dispersion fractions of surface free energy
(SFE) for 1-, 2- and 3-day incubation period.
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Fig. 6 reveals that the contact angle increases with increasing
amount of reinforcement of Al2O3 and MWCNTs, when compared to
that of virgin UHMWPE (~88°). The U–15A–10C composite reinforced
with MWCNTs (10 wt.%) and Al2O3 (15 wt.%) has shown a higher
value of contact angle (~118°, see Fig. 6), which is attributed to
Fig. 11. Scanning electronmicrographs of apatite formation on thematerial surfaces in the pres
(E) U–15A–5C and (F) U–15A–10C composites (during 48 h incubation period).
decreased surface energy (17.75 mN/m) and high dispersion fraction
(0.997) when compared with U–15A (only 15 wt.% Al2O3 reinforced)
that shows a contact angle of 104.2° with surface energy of 21.55 mN/m
(dispersion fraction of 0.832). This result indicates that the surface energy
and its dispersion fraction play a significant role for the cellular growth on
UHMWPE–Al2O3–MWCNT composites. A synergistic ~33% increase in the
contact angle shows higher hydrophobicity due to its higher dispersion
fraction of free energy. Further, the contact angle is effectively affected
by wt.% of reinforcements since the surface roughness is in the same
order of magnitude (Fig. 6).

3.4. Cellular response

3.4.1. Qualitative: cell proliferation study
The SEM images of 48 h cultured L929 mouse fibroblast cells are

depicted in Fig. 7A–F, which confirms its unhindered proliferation on
the processed composites. It may be concluded that the materials pos-
sess good cytocompatibility towards the L929 mouse fibroblast cell
line and spreadwithout any toxicity on each Al2O3–MWCNT–UHMWPE
biopolymeric composite surface.

3.4.2. Quantitative: MTT assay (ISO 10993-5) and calculation of cell density
The MTT assay results on the compression molded composites with

varying amounts of MWCNT (2, 5, and 10 wt.%) with fixed amount of
Al2O3 (15 wt.%) reinforced UHMWPE are shown for 2-, 4- and 6-day
ence of DMEM culturemedia of (A) negative control and (B) U, (C) U–15A, (D) U–15A–2C,

image of Fig.�10
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Fig. 12. XRD pattern of apatite minerals (HAP) grown on the surface of negative control
(cover slip), UHMWPE as well as MWCNT and Al2O3 reinforced UHMWPE composite
pellets.
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culture in Fig. 8, where the gelatin coated glass cover slip was taken as a
negative control. The metabolic activity of the negative control was
taken as 100%. It was observed that with time, the metabolically active
cell density decreases for 48 h or more incubation periods (except
virgin UHMWPE) although a same trend was observed for all other
compositions, whichmaybe attributed to earlier confluence of cells, un-
availability of free space at the surface for further proliferation, and en-
hancement of polar fraction of SFE due to apatite mineralization. It may
be noted that after 48 h of incubation period, a sudden increase in the
cell density of UHMWPE is attributed to the availability of space at
the surface for cell proliferation in comparison to other samples. It is
predicted that up to 72 h of incubation periods, the cells become conflu-
ent at the surfaces and suppress the cell density at all compositions.
From Fig. 8, it may be concluded that the composites retain their
cytocompatibility and quantification of which is presented as the
L929-mouse fibroblast cell count per unit area (numbers/mm2) at
48 h of incubation in Fig. 9. A trend similar to that observed in
Fig. 8 can be compared, where the highest cell density was observed
for U–15A–5C composites.

On a first-hand look, it appears that a higher dispersion component
(see Table 2) and contact angle (Fig. 6) do not gelwell in terms of dictat-
ing themetabolic activity (see Figs. 8 and 9), which is insinuated from a
higher dispersion fraction of U–15A–10C eliciting a lower cell density
when compared to that of U–15A–5C. Further, a reduction in the
Table 3
Fractional phase extent of mineralized apatite on the material surfaces and corresponding wet

Sample-ID Contact angle
with H2O (°)

Contact angle
with n-hexane (°)

Total surface free
energy (SFE) (mN/m

U 66.0 ± 3.6 13.5 ± 1.0 40.26 ± 3.1
U–15A 54.1 ± 2.1 13.5 ± 0.5 45.39 ± 1.6
U–15A–2C 55.5 ± 2.5 12.2 ± 2.2 49.76 ± 4.2
U–15A–5C 60.4 ± 3.4 13.6 ± 1.5 41.28 ± 3.1
U–15A–10C 48.6 ± 1.0 11.8 ± 1.2 50.53 ± 6.1
metabolic activity (with respect to control sample) can be observed in
Fig. 10. So, something is definitely occurring during the incubation
that is changing the surface properties, and thus, the cellular growth.
It is anticipated that the formation of apatite (during incubation) chang-
es the polar fraction of SFE, and thus affects cell-proliferation and
growth. Thus, the next step involves verification of apatite formation
in a 48 h cultured sample using SEM and EDS, and the fraction of apatite
content is quantified using X-ray diffraction.

From Fig. 10, it is clear that the growth of metabolically active cells is
directly related to the dispersion fraction of SFE up to 24 h of incubation
period, while the metabolic activity became independent at higher in-
cubation periods (48 and 72 h). Since lower cell density was observed
for 48 h and 72 h of incubation period of cell culture, when compared
to that at 24 h culture, it is indicated that some changes are occurring
on sample surface to result such a cell growth in comparison to that of
the negative control. In order to check the surface compositional change
at 48 h of incubation period, samples were immersed in media under
same environmental conditions and phase and elemental analyses
were characterized using X-ray diffraction pattern and scanning elec-
tron microscopy (with energy dispersive spectroscopy), respectively.
3.4.3. Quantification of apatite mineralization
The mineralization of hydroxyapatite (HAP) on the material's sur-

face at 48 h incubation period is shown in Fig. 11A–F, where the forma-
tion of apatite crystals is evident (and elemental analysis reveals
presence of Ca and P in the inset of Fig. 11F) and confirmed via X-ray dif-
fraction in Fig. 12. The SEM micrographs (Fig. 11) show dendrimers of
HAP mineralized crystals that nucleate on the composite surfaces. The
morphology of mineralized HAP crystals is a complex phenomenon
which depends on themineral contents (Ca/P ratio), pH of themedium,
interaction with the immersion solutions, absorption as well release of
ions at the interface, and nucleation and growth kinetics [44–48]. The
content of deposited HAP is quantified by taking the integrated area of
HAP peaks (divided by all other peaks) for comparison (see Table 3).
HAP precipitation is observed to increase with increasing amounts of
Al2O3 and MWCNTs in the UHMWPE matrix. But, the U–15A–5C com-
posite elicited a comparatively lower amount of HAP formation than
others (Fig. 11E), and its corresponding dispersion fraction is related
to precipitated apatite in Fig. 13. It can be recollected (from Figs. 8–
10) that U–15A–5C has shown the highest count of metabolically active
cells, which very well correlates with the fact that dispersion fraction
has assisted the rapid growth of cells. Intuitively, the presence of HAP
should correlate with cell-growth, but it must be noted that the extent
of the MWCNT content on the surface is dictated by their dispersion,
and so the precipitation of apatite is affected by the same. High HAP
mineralization in SBF also indicates that high chances of cell-
confluence exist, and thus, further cell-growth is restricted. Thus, the
higher the apatite formation, the higher is the polar fraction that lowers
the dispersion fraction of surface energy (see Fig. 13), and results in re-
duced cell activity due to its confluence (as observed at 48 h of incuba-
tion period).

It is well known that the adsorbed cell density depends on themate-
rial surface properties such as surface free energy, roughness, porosity
and presence of reactive functional moieties like \OH, \NH2, \COOR,
\C\O and C_O [49,50]. As described in Fig. 10, the cell density
tability and surface free energy (SFE) after 48 h incubation in SBF.

)
HAP fraction
[HAP / (HAP + UHMWPE + Al2O3)] (%)

Dispersion fraction of
surface free energy (SFE)

48.5 ± 3.3 0.43
51.8 ± 3.5 0.39
55.4 ± 3.6 0.37
49.5 ± 3.1 0.45
60.1 ± 3.9 0.35

image of Fig.�12


Fig. 13. Graph showing the correlation of dispersion fraction with percent fraction ofmin-
eralized apatite at the material surfaces after 48 h of incubation period.
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proportionally correlatedwith the dispersion fraction of surface free en-
ergy up to 24 h of incubation period, but, as observed, the reinforce-
ments of Al2O3 and MWCNTs tend to enhance the dispersion fraction
of SFE (Fig. 10) leading to enhanced protein adsorption at the surface.
Gupta et al. [50] has reported that the dispersion fraction plays a
much more significant role in protein adsorption rather than the total
free energy or surface roughness. Concurrently, the decrease in disper-
sion fraction with increasing HAP precipitation is observed in Fig. 13.
Thereafter, the precipitation of apatite lowers the dispersion fraction
and limits the cellular activity, which might result due to earlier and
rapid cell-growth, followed by confluence of cells. This hypothesis is
confirmed by the direct correlation of apatite mineralization (Fig. 13)
with 48 h of metabolic activity (Fig. 10).

The virginUHMWPE shows a lower value of contact angle (88.8± 2°)
and dispersion fraction (0.777) with a higher value of SFE (23.20 mN/m)
in comparison to other compositions, as reported in Fig. 6 and Table 2.
The lower dispersion fraction, leads to lower density of viable cells
(Figs. 9 and 10), but, the addition of Al2O3 enhances the contact angle
(88.8 ± 2° to 104.2 ± 3°), dispersion fraction (0.777 to 0.832), and cell
viability (1642 ± 40 to 1870 ± 26 cells/mm2) with a decrease in the
SFE on the 2nd day of incubation period. While decreased cell viability
was observed for 48 h in U–15A, the mineralized amount of apatite has
Fig. 14. Schematic illustration of the mechanism of cell-adhesion and proliferation with the effe
(C) represent the cell adhesion at the virgin UHMWPE, alumina reinforced composite, and UHM
SFE.
enhanced (48.5 ± 3.3% to 51.8 ± 3%) and the dispersion fraction of SFE
has reduced (from 0.43 to 0.39) when compared to that of virgin
UHMWPE. Contrastingly, the reinforcement of MWCNTs enhances hy-
drophobicity (88.8 ± 2° to 118.2 ± 4°) compared to virgin UHMWPE
as well as Al2O3 reinforced composites and decreases the SFE
(23.20mN/m to 17.75 mN/m)with an increase in the dispersion fraction
(from 0.777 to 0.997) as well as cell viability from 1642 ± 40 to 2994 ±
2690 cells/mm2 (Figs. 6 & 9) for 24 h of incubation period. A summary of
these observations for 24h of incubationperiod of cell culture is schemat-
ically presented in Fig. 14 that shows an increase in cell-density with in-
creasing amount of Al2O3 and MWCNTs in the UHMWPE matrix.

Contrastingly, for 48 h incubation period of cell culture, a significant
amount of apatite mineralization was observed (varying from 48.5 ±
3.3% to 60.1 ± 3.9%) in comparison to that of UHMWPE and alumina
based compositions, which lowers the dispersion fraction of SFE from
0.43 to 0.35 and reduced the cell viability (Table 3). Thus, a decrease
in the metabolic activity can be attributed to the significant precipita-
tion of apatite on the surfaces (see Table 3), which subsequently lowers
the dispersion fraction of SFE. From the above observations it is clear
that the Al2O3 andMWCNT reinforcement increases the hydrophobicity
and dispersion fraction of SFE, which enhances the proliferation of L929
mouse fibroblast cells in comparison to virgin UHMWPE.

Since metabolic activity strongly depends on the dispersion fraction
of SFE (instead of total SFE), the dispersion fraction can be enhanced by
reinforcement of more hydrophobic moieties like CNTs and by engi-
neering the surface hydrophobicity via functionalization to add long sat-
urated hydrocarbon chains. Thus, the enhanced metabolic activity of a
material can be utilized for affixing an acetabular cup liner on the pelvis
side, but engineered lower dispersion fraction on the opposite side can
render reduced cell adhesion (and good articulation) at the ball-joint
mating surface.

4. Conclusions

Polymeric biocomposites reinforced with MWCNTs and Al2O3 were
successfully processed by using the compression molding method. The
total surface free energy (TSFE) was strongly affected (~23%) by
MWCNT reinforcement in UHMWPEwhen compared to that of Al2O3 re-
inforcement (~7%). Consequently, the polar and dispersion fractions of
SFE were also altered by reinforcements. MWCNT with Al2O3 reinforced
UHMWPE composites showed higher hydrophobicity (~118.2° ± 4°) in
comparison to only Al2O3 reinforcement (104.2° ± 3°) and virgin
UHMWPE (88.8° ± 2°). Up to 24 h of incubation period, the cellular
ct of Al2O3 andMWCNT reinforcement on UHMWPE based composites. Here (A), (B) and
WPE–Al2O3–MWCNT composite respectively and σd represents the dispersion fraction of
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response of the composites was mainly governed by the initial surface
free energy, and cell viability was observed to be directly dependent on
the dispersion fraction of SFE. The original SFE of the composites has
been changed significantly (enhanced by ~72% for UHMWPE and
~184% for theU–15A–10C composite, respectively) for higher incubation
periods (48 h ormore) due to apatite formation (60.1±3.9% by fraction)
on the material surfaces, which decreases the dispersion fraction of sur-
face free energy and results in cell-confluences to reduce the metabolic
activity. It may be concluded that the cell growth is predominantly
governed by the dispersion fraction of SFE. Thus, the optimized
MWCNT–Al2O3 reinforced UHMWPE biocomposites may be accordingly
engineered to provide themost suitable compositematerial for articulat-
ing surface bioimplant applications.
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