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ABSTRACT

Medical engineering advances in total joint replacements and societies’ rising

demand for long-lasting materials have proven it essential to manufacture

materials that are more similar to the original tissue in the fields of mechanical,

tribological, and biological properties. Ultra-high molecular weight poly-

ethylene (UHMWPE) is a polymer widely used in arthroplasty applications due

to its biocompatibility, chemical stability, and reasonable mechanical properties;

however, it still fails to entirely meet the standards of the hip joint implant. In

this study, different concentrations of nanosized zirconia were added to

UHMWPE and HAp matrix with an intended application in arthroplasty. Liq-

uid-phase ultrasonication and hot pressing were employed to disperse the

reinforcing phases and to form the final standard samples, respectively. Tensile,

Vickers hardness, and pin-on-disk tests were carried out to evaluate mechanical

and wear properties of the samples. In the meanwhile, in vitro biological

properties were studied via MTT assay, alkaline phosphatase enzyme activity,

and cell morphology tests. Dispersion features, microstructural structures, and

cell adhesion were also assessed using scanning electron microscopy (SEM).

Results indicate improvement in both tensile and wear properties by zirconia

addition; for instance, the sample containing 10 wt% zirconia and 10 wt% HAp

exhibits 45% increase in yield strength and 64% reduction in coefficient of

friction. On the other hand, biological properties have also significantly

improved with zirconia incorporation, at which all samples proved to be bio-

compatible with an increase in both osteoblasts activity and cell adhesion with

increasing zirconia concentration.
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Introduction

Human hip joint is predominantly considered as the

most important joint due to the variety of movement

capabilities and the load-bearing requirements which

vary under different activities [1]. This leads to the

joint vulnerability and its proneness to injury fol-

lowing cartilage damage, abrasion, arthritis, and

fractures and eventually results in patients not being

able to continue their routine life, at which the

necessity of arthroplasty lies beneath [1, 2]. Therefore,

total hip joint replacement is considered as the most

successful achievement of orthopedic sciences in the

past decades [1, 2]. A total hip joint implant consists

of a femoral head, a femoral stem, and an acetabular

cup which are mostly made of metals such as stain-

less steel and titanium alloys, or of ceramics such as

zirconia and alumina [3, 4]. Thus, the repetitive and

constant abrasion between the two metal–metal or

metal–ceramic components could result in the gen-

eration of cytotoxic metallic wear debris [3, 4]. In

order to overcome this obstacle, a plastic liner or

socket is added to prevent the abrasion between the

two femoral and acetabular components [3–5]. These

plastic components are mostly made of ultra-high

molecular weight polyethylene (UHMWPE), which is

a medical-grade polymer showing appropriate

mechanical properties as well as chemical and bio-

logical stability in comparison to other plastics [6].

However, still the coefficient of friction, surface

hardness and wear resistance of this polymer are not

sufficient enough for such prospective application

[6]. Wear debris can significantly damage joint

replacements by activating osteoclasts which resorb

the bone surrounding the implant in a process named

osteolysis which itself is known as the main phe-

nomenon of implants failure [7]. Moreover, insuffi-

cient yield strength of UHMWPE can result in

permanent deformation and failure at high contact

stress [8]. On the other hand, one of the key factors

needed to be considered for a successful implant is its

biocompatibility and cytotoxicity that is caused by

the implants, which would also cause adverse bio-

logical responses and eventual implant failure. Tri-

bological, biological, and mechanical drawbacks of

hip implants are summarized in Fig. 1.

Consequently, efforts have been put on to improve

mechanical properties of UHMWPE sockets [6, 9].

Along this line, incorporation of inorganic fillers to

overcome shortcomings of the UHMWPE matrix

seems to be a promising solution [9, 10]. Despite the

reinforcing effect of these fillers, there are still some

drawbacks that ought to be considered, including the

high level of loading of these fillers needed to pro-

vide the acceptable mechanical properties. For

instance, some investigations have employed 50 wt%

of hydroxyapatite [11, 12], 40 wt% of micro-sized

zirconia [13] and 24 wt% of kaolin [14] to achieve the

desired properties. The researchers carried out these

studies have all used considerable amount of the

reinforcing particles, 40 wt% or more, in order to

enhance the deficit in mechanical and tribological

properties of the neat UHMWPE sockets. With an

emphasis on retaining the desired properties should

be retained by adding the minimum possible amount

of the reinforcements, the goal of the current study is

to incorporate two ceramic fillers in a UHMWPE

matrix in the form of a hybrid composite to obtain

reasonable mechanical properties at lower portion of

reinforcement. Considering the positive reports on

the use of nanoreinforcements [11–18], nanopowder

of hydroxyapatite (HAp) and zirconium oxide were

selected for this purpose. HAp has proven to main-

tain an appropriate level of biocompatibility as with a

chemical structure of Ca10(PO4)6(OH)2, it has a Ca/P

value of about 1.67, which is similar to that of natural

bone [11, 15]. On the other hand, zirconia is widely

used in prosthetic devices due to its good mechanical

properties including hardness, yield strength, mod-

ulus of elasticity, and wear resistance as well as being

resistant in aggressive environments and bioinertness

[16]. Ultrasonication in liquid phase followed by hot

pressing to form the final hybrid nanocomposites

[17, 18] is employed as a rather simple method for

synthesizing the samples. Tensile, hardness, and

wear resistance of the samples have been examined

in this study. Morphology of the samples has been

analyzed via scanning electron microscopy (SEM).

Biological performance of the samples was evaluated

through MTT assay, cell morphology, and alkaline

phosphatase (ALP) enzyme level using MG-63

osteoblast cells. In all three categories, hybrid

nanocomposites proved to be effective in achieving

the desired properties, coming to a conclusion that

the resulted material might find a prospective

application in artificial joint replacement.
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Experimental

Materials

UHMWPE powder with an average molecular

weight of 6 9 106 g/mol (with density of 0.94 g/mL

at 25 �C, and CAS number 429015) and zirconium

oxide powder (nanopowder\ 100 nm (TEM) and

density of 5.89 g/mL at 25 �C with CAS number

1314234) were purchased from Sigma-Aldrich.

Hydroxyapatite nanopowder was synthesized

through sol–gel method using analytical grade

Ca(NO3)2�4H2O (with CAS number 13477-34-4,

Merck Millipore) and P2O5 (with CAS number

1314-65-3, Merck Millipore) powders. 99.9% purified

ethanol (with CAS number 64-17-5, Merck Millipore)

was used as a medium and Vitamin-E acetate (with

CAS number 7695-91-2, Merck Millipore) was also

purchased to be used as an antioxidant.

Preparation of hydroxyapatite nanopowder

According to Feng et al. [19], appropriate amounts of

calcium nitrate tetrahydrate (Ca(NO3)2�4H2O) and

phosphoric pentoxide (P2O5) were separately dis-

solved in ethanol. The two solutions were then mixed

to form a solution in which the Ca/P ratio is 1.67. The

mixture was then stirred for 1 h at 25 �C and then at

60 �C for 12 h to complete the gelation stage. The

aging stage and final heat treatment were carried out

at ambient temperature and at 650 �C for 5 h with a

heating rate of 10 �C/min, respectively. The white

dried mixture was then crushed with an agate mortar

and pestle (MicroFAST-1000) to obtain the

nanopowder. The powder was characterized using

x-ray diffraction spectroscopy (XRD JEOL, JDX-8030)

with the angular range of 2h = 0� to 80� using Cu-Ka

radiation with k = 1.5418 Å. Morphology and particle

size and distribution were also examined using

scanning electron microscopy (SEM: TE-SCAN,

Vega).

Sample preparation

A simple method was used to prepare nanocom-

posite powders by means of ultrasonication and

stirring in a liquid medium. For this purpose, each

reinforcing phase and the UHMWPE powder were

firstly weighed according to Table 1 which depicts

samples formulation. It is worthful to mention that

according to the literature, 10 wt% HAp is an

apparent optimum amount reported to satisfy the

biocompatibility and properties needed for such

Figure 1 Mechanical, tribological and biological drawbacks of hip implants, especially UHMWPE liners.

Table 1 Formulation and composition of samples

Sample name Sample composition (weight fraction)

UHMWPE (%) HAp (%) Zirconia (%)

U 100 0 0

UH 90 10 0

UHZ(2) 88 10 2

UHZ(6) 84 10 6

UHZ(10) 80 10 10
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purposes, while not adversely affecting the mechan-

ical properties [11, 12, 20, 21]. In addition, in order to

evaluate zirconia incorporation, 2, 6 and 10 wt% of

zirconia were added to the UHMWPE-10 wt% HAp.

Secondly, each of these phases was first dispersed in

25 mL ethanol using ultrasonication for 45 min at

50 W and stirring simultaneously. The resulted mix-

ture was then added to a UHMWPE-50 mL ethanol

mixture and was ultrasonicated for another 45 min.

At the next stage, the mixture was stirred for 30 min

at 70 �C to extract the medium, while the stirring

process prevents any precipitation. The final powder

was then transferred to an oven and was heated for

48 h at 90 �C to assure complete solvent extraction.

Eventually, the final dry powders were hot-pressed

at 230 �C and 200 bar for 1 h and then were cooled

under the same pressure to form the final testing

samples. Figure 2 shows a schematic description of

the sample preparation process.

Sample characterization

Mechanical properties

A tensile testing machine (Hounsfield universal

H10KS) was used to evaluate tensile properties of the

samples according to ASTM D638. Testing, which

was conducted at a crosshead speed of 50 mm/min

and a uniaxial direction with a 100-KN load cell, was

repeated three times for each composition to raise the

accuracy and the mean values were reported. In

order to evaluate hardness of the samples, Vickers

hardness test was carried out using a microhardness

testing machine (Buehler, 1600-6100), which applied

a load of 0.1 N for 15 s on cut samples with the

surface area of 1 cm2. Each sample was tested three

times, and the average hardness value was reported.

Morphology and crystalline structure

In order to study microstructural properties of sam-

ples, cryogenic fracture surfaces were coated and

then assessed using a SEM (TE-SCAN, Vega) oper-

ated at 15 kV. A TA-Q100 differential scanning

calorimetry (DSC) instrument was also employed to

study melting temperature and possible effects of

reinforcing phases on crystalline structure.

Wear properties

Wear test was carried out on all samples according to

ASTM G99 using a micro tribometer pin-on-disk

machine (Faragir Sanat Mehrbin) to investigate the

wear and friction behavior when a stainless steel pin

slides against the nanocomposites surfaces under dry

condition. The pin was 5 mm in diameter and was

fixed on the load arm applying a load of 60 N to the

sample sliding with a linear velocity of 0.214 m/s.

Each sample went through the fixed testing condi-

tions for 1 h and 20 min and a total sliding distance

of 1 km. In addition to the coefficient of friction

which is derived directly from the test, wear rates

were also calculated using Eq. 1:

k ¼ Dm=qFL ð1Þ

where k is the wear rate in m2/N, Dm is the weight

loss in mg, q is the density in g/cm3, F is the applied

load in N and L is the total sliding distance in m. For

this matter, all samples were weighed before and

after the test. Besides, small disks with 10 mm in

diameter and 3 mm in thickness were fabricated, and

then densities were calculated measuring accurate

weight and volume of each sample. Besides, each

sample was measured three times and the average

values were reported.

Figure 2 Schematic description of sampling process used to prepare testing samples.
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Biological tests: cell culture and seeding

All three biological tests were conducted according to

ISO 10993-12 in Pasteur Institute of Iran [11]. The

human primary osteogenic sarcoma cell line MG-63

Colon A141B1 were used for these tests and were

cultured in Dulbecco’s modified Eagle medium

(DMEM; GIBCO) supplemented with 10% fetal

bovine serum (FBS, GILBCO), 100 U/mL penicillin,

and 100 mg/mL streptomycin (Sigma). MG-63 cells

were then harvested with a 0.25% trypsin–EDTA

solution (Sigma) in phosphate-buffered saline (PBS,

pH 7.4). The sample size for cell culture and seeding

was 10 9 10 mm2, besides that a specific amount of

cell culture was kept as the control sample. It is also

worth mentioning that the samples were firstly ster-

ilized using medical-grade ethanol for 2 h and then

with the help of autoclave using hot steam at 120 �C
and 1.5 kg/m3.

MTT assay

Dimethylthiazol diphenyl tetrazolium bromide

(MTT) assay was carried out to assess the prolifera-

tion rate of osteoblast cells and samples cytotoxicity.

The test which is based on MTT reduction to a for-

mazan dye by living cells, was carried out for 7- and

14-day period [22]. For this purpose, a density of 104

cells/mL was added to the culture and then seeded

in each of 96-well plates. The plates were then incu-

bated at 37 �C in a humidified atmosphere of 5 vol%

CO2 for 24 h. Thereafter, the samples were then

placed on MG-63 cells in addition with the pure cell

culture as the control sample and then the plates

were incubated under the same conditions for 7 and

14 days. MTT solution at a concentration of 5 mg/mL

in phosphate-buffered saline (PBS) was added to

each well and incubated for another 5 h under the

same described conditions. At this stage, the MTT

was removed and the converted formazan crystals

were dissolved by adding 100 mL of isopropanol

solution. After another round of incubation for

15 min, an Elisa microplate reader was used to

measure absorbance of converted dye at a wave-

length of 570 nm.

Cell morphology

In order to evaluate surface and intrinsic character-

istics of each sample for the cells to attach and remain

on, a density of 3 9 104 cells/mL was added to the

plates containing samples and then it was incubated

for 72 h at 37 �C in humidified air containing 5 vol%

CO2. Subsequently, after cells adhesion was assured,

the samples were stabilized by 4% glutaraldehyde

buffered in 0.2 M PBS and were then frozen for 24 h.

Ultimately the samples were dehydrated by ethanol

with varying purities and were coated to undergo

SEM evaluations.

Alkaline phosphatase enzyme activity

Alkaline phosphatase, also known as ALP, is an

enzyme of the hydrolase family produced by osteo-

blast cells. This enzyme separates the phosphate

groups from other molecules such as proteins,

nucleotides, and alkaloids, which in consequence

provide an adequate amount of accumulated phos-

phates and therefore accelerates osteoblasts activities.

In case of biomaterials, measuring ALP released in

contact with, is an efficient way to assess biomaterials

effect on osteoconductivity. For this purpose, MG-63

cells were trypsinated for 7 days and then a density

of 5 9 104 cells/mL in 10% fetal calf serum (FCS)

were added to each of the wells containing samples.

The plate was incubated for 7 days at 37 �C, and then

the cell culture was analyzed using an AUDIT-KIT

(Hitachi-911) to measure ALP concentrations.

Results and discussion

Characterization of synthesized
hydroxyapatite

XRD pattern of the nanosized HAp powder, shown

in Fig. 3, provides diffraction information of the

synthesized powder in the range of 2h = 20�–80�.
Phase analysis performed referencing the standard

card JCPDS 009-0432 for HAp, revealed the presence

of all major peaks of HAp, including the ones at 2h
values of 25.879�, 31.802�, 32.188�, 32.944�, 39.832�,
46.706� and 49.779�. In addition, Table 2 which

summarizes the comparative information extracted

from XRD analysis, proved the same observation in

accordance with the pattern. Likewise, there were no

new peaks in the diffracted pattern which infers to

high purity of the powder. As a result, XRD analysis

can verify the purity and structure of the synthesized

powder. On the other hand, SEM images taken of the
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powder nanoparticles are shown in Fig. 4. The

micrographs infer to the nanorange size for the par-

ticles with conformity in both the size and shape

distributions, the distinctively separated particles

range from 46 to 63 nm as shown in Fig. 4a. Conse-

quently, one can claim that the average particle size

of HAp could be estimated as 54 nm. Besides, EDS

analysis performed during imaging is also shown in

Fig. 4 and proves that Ca/P ratio for the synthesized

powder is 1.78 and is in accordance with the required

expectations for HAp.

Mechanical properties

Figure 5 illustrates the representative tensile stress–

strain curves of the samples. Elastic modulus, yield

strength, tensile strength, i.e., the stress at rupture

point and elongation at break obtained from the plots

are also comparatively reported in Fig. 5. The

mechanical test results are shown numerically in

Table 3.

As seen in Fig. 5, elastic modulus, yield strength

and tensile strength experience a steady increase with

fillers addition, while elongation at break decreased

with the addition of fillers. From now on, we focus on

elastic modulus, yield strength and elongation to

break to analyze the mechanical performance of the

materials made. This is due to the fact that in

arthroplasty, the implant is not allowed to yield and

its plastic deformation beyond yield point is consid-

ered failure.

According to Fig. 5, elastic modulus and yield

strength of UH sample containing 10 wt% HAp were

improved by about 41% and 14%, respectively,

compared to those of the neat U sample, which is in

agreement with the previous studies [11, 23]. Addi-

tion of zirconia to this system further increased these

values such that UHZ(10) containing 10 wt% HAp

and 10 wt% zirconia has elastic modulus and yield

strength of about 70% and 29%, respectively, higher

than those of the neat sample. It is interesting to note

that this much improvement in mechanical proper-

ties of UHMWPE has been previously reported at 40

wt% loading of HAp [11]. Therefore, one may con-

clude that simultaneous incorporation of HAp and

zirconia is a better choice for mechanical properties

improvement of UHMWPE in comparison with the

use of HAp alone since fewer amount of filler is

needed.

Figure 3 XRD pattern of the synthesized HAp powder with

indicated major peaks and their diffraction planes.

Table 2 Diffraction planes, d spacing, position and intensities of the synthesized powder in comparison with the standard card JCPDS

009-0432

Peak

number

(hkl) d (Å) 2h (�) I (%)

Synthesized

powder

Standard

card

Synthesized

powder

Standard

card

Synthesized

powder

Standard

card

1 (002) 3.4415 3.4450 25.876 25.841 73.04 36.2

2 (121) 2.8115 2.8149 31.802 31.763 100 100

3 (112) 2.7786 2.7808 32.188 32.163 54.00 57.2

4 (030) 2.7166 2.7196 32.944 32.904 63.34 63.5

5 (022) 2.6300 2.6321 34.062 34.003 29.02 22.9

6 (130) 2.2613 2.2630 39.832 39.799 23.35 21.8

7 (222) 1.9432 1.9443 46.706 46.676 28.27 39.9

8 (123) 1.8410 1.8420 49.476 49.449 37.40 34.6
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Figure 5 also reveals a decreasing effect of filler on

the elongation at break where the minimum value is

observed in the case of UHZ(10) with 38% lower

elongation at break compared to the neat UHMWPE.

Although this negative effect of brittle ceramic fillers

on the ductile polymer matrix is not negligible, all

UHZ series of samples satisfy the required tensile

properties for total hip joint replacement. According

the published literature, UHMWPE sockets used in

total hip joint replacement should possess yield

strength and elongation at break of 19 MPa and

250%, respectively [1]. Figure 5 illustrates that while

all UHZ series of samples have high enough yield

strength and elongation at break, they have much

higher elastic modulus and tensile strength than the

neat UHMWPE. Similarly, the achieved tensile

properties of the current study are significantly

improved compared to that of the single introduction

of HAp [11, 23], zirconia [24], and carbon-based fillers

[22, 25].

Figure 6 illustrates the microhardness values of the

samples tried in this study. As seen, steady increase

occurs by addition of fillers. The maximum

improvement was observed in the case of UHZ(10)

where the microhardness is increased by 84% com-

pared to the neat U sample. The same material is 43%

harder than the sample containing 10 wt% HAp

(UH). Comparing these results with those reported

by other investigators, again, emphasizes the supe-

riority of incorporating HAp-zirconia pair in

UHMWPE matrix. Chen et al. [22] observed 15%

increase in microhardness when employed 1 wt%

GO. Shirong et al. [26] reported 65% increase in

hardness of UHMWPE by adding 30 wt% coral par-

ticles. Bodhak et al. [27] were able to increase hard-

ness of their matrix to something close to what found

in this study when they incorporated 40 wt% alumina

which is double of what used here. Additionally it is

also worthy to mention that according to Davis [1],

the standard microhardness value for a UHMWPE

socket has to be around 6.1 Hv (60 MPa), which

qualifies all UHZ series of samples for such

applications.

In order to interpret the elevation in mechanical

properties, dispersion and distribution state, interfa-

cial properties and microstructural evolution or

changes are key factors to evaluate [8, 11, 28]. A

homogeneous dispersion, conform distribution and

proper interfacial adhesion result in effective stress

transfer from matrix to reinforcing particles which

leads to eventual improvement in mechanical prop-

erties. In addition, it is worthy to mention that due to

the high chemical stability of both UHMWPE matrix

and ceramic fillers at the operating temperature, no

chemical reaction or bonding is expected to occur at

the interfacial area [28]. Consequently, it is expected

that only the particle encapsulation quality by the

polymer matrix, affects the interfacial properties

[13, 29]. SEM micrographs, taken from various parts

of polished cryogenic fracture surfaces, shown in

Fig. 7, were employed to assess dispersion and dis-

tribution states as well as interfaces between

(b)

(a)

Figure 4 a SEM micrograph of the dispersed HAp powder and its particle sizes and b EDS pattern of the same powder.

J Mater Sci (2019) 54:4259–4276 4265



(b)  (c)  

(e) 

 

(d) 

 

(a)  
Figure 5 a Representative

tensile stress–strain curves of

samples, b elastic modulus,

c yield strength, d tensile

strength and e elongation at

breakoff the samples.

Table 3 Mechanical test results of the samples

Sample name Tensile properties Vickers hardness

Elastic modulus (MPa) Yield strength (MPa) Tensile strength (MPa) Elongation at break (100%) Hardness (Hv)

U 401 ± 23 15.23 ± 0.7 20.13 ± 0.8 4.42 ± 0.5 5.9 ± 0.3

UH 568 ± 46 17.61 ± 0.4 24.95 ± 0.6 3.61 ± 0.4 7.6 ± 0.2

UHZ(2) 721 ± 44 20.07 ± 0.6 28.01 ± 0.2 3.35 ± 0.4 8.4 ± 0.2

UHZ(6) 893 ± 67 21.95 ± 0.6 30.7 ± 0.3 2.96 ± 0.5 9.8 ± 0.1

UHG(10) 961 ± 63 22.16 ± 0.3 31.12 ± 0.3 2.83 ± 0.5 10.9 ± 0.1
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reinforcing particles and polymeric matrix where a

secondary electron (SE) detector was used to distin-

guish ceramic particles from matrix. According to

Fig. 7a, b taken from the sample UH, where lighter

spots marked by circles represent HAp particles, a

uniform distribution with little agglomeration was

observed. Besides, absence or existence of only a few

micropores in the areas surrounding the particles

could refer to appropriate polymeric encapsulation

which itself results in more efficient load transfer

[13, 29]. Similar distribution states and interfacial

conditions were also observed in UHZ(6) and

UHZ(10) samples as shown in Fig. 7c–f. According to

Fig. 7c, e, zirconia nanoparticles which appear

brighter than HAp nanoparticles as a result of their

larger molecular mass, were homogenously dis-

tributed but were also agglomerated in some areas

due to the higher surface energy of nanosized parti-

cles which resulted in their tendency to interact more

and therefore inevitably agglomerate. In addition, in

Fig. 7g, which is taken from sample UHZ(10), EDS

analysis pattern carried out on the marked area of the

sample is seen which demonstrated the presence of

zirconium, calcium and phosphorous elements that

are representatives of zirconia and HAp particles.

Resultantly, SEM micrographs could approve the

appropriate distribution, the integrity of the

nanocomposites and the absence of micropores.

Crystallization temperature (Tc) and degree of

crystallization (Xc), were evaluated by means of DSC

analysis to assess microstructural changes following

the introduction of reinforcements to the matrix.

Crystallization temperature was measured from the

peak temperature in DSC exothermic plots (Fig. 8)

and degree of crystallinity was measured by means of

Eq. 2:

Xc ¼ DH=ð1 � /ÞDHo ð2Þ

where DH is the apparent enthalpy of fusion per

gram of composite, DHo is the heat of fusion of a

100% crystalline polyethylene taken as 293 J/g, and /
is the weight fraction of the filler in the composites.

The results are summarized in Table 4. As seen in

this table, both Tc and Xc increased with addition of

zirconia, which is an indication of the nucleating

effect of zirconia nanoparticles on crystallization and

microstructural properties of the matrix. UHMWPE,

as a semi-crystalline polymer, would present ele-

vated mechanical properties when the number, con-

centration or thickness of crystalline areas are

increased, which eventually increase the degree and

temperature of crystallinity [9]. Therefore, nucleating

effect of reinforcement and the enhanced crystalline

structure of the matrix, might be considered as

another reason for mechanical properties improve-

ment in these composites.

Wear properties

Figure 9 illustrates comparative coefficient of friction

(COF) plots of each nanocomposite in a total sliding

distance of 1000 m, which proves that frictional

interactions between the indenter and the samples

decreased with the introduction of the fillers, as the

fluctuation of the patterns visibly decreased with the

addition of the fillers. In addition, Fig. 9 shows

optical microscope images taken of wear widths on

each sample, which proves the decrease in wear

width with increasing zirconia content: as for

UHZ(10) sample, the wear width decreased by 67%

and 64% compared to the neat and UH samples,

respectively.

Statistically, Table 5 summarizes the tribological

data extracted from wear test including mean COF

and normalized wear rates as indicators of wear

behavior of the samples. These two tribological fac-

tors are comparatively presented in Fig. 10.

As seen, the reduction in both wear rates and

coefficients of friction indicates the efficiency of HAp-

zirconia simultaneous incorporation to improve wear

resistance, i.e., addition of 6 wt% and 10 wt% zirconia

to the UHMWPE/HAp (UH) sample resulted in 57%

Figure 6 Average Vickers microhardness values of the samples.
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(e) (f)

(g)

(a) (b)

(c) (d)

Figure 7 SEM micrographs

at different magnifications

taken from cryogenic fracture

surface of a, b UH, c,

d UHZ(6), e, f UHZ(10) along

with g SEM and EDS taken

from UHZ(10).
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and 61% reduction in COF, respectively. Similarly,

the wear rate decreased by 87 and 88% when 6 and 10

wt% zirconia was added to the UH sample,

respectively.

Comparing the results of the current study with

those of other researchers who incorporated zirconia

in UHMWPE illustrates again the superiority of

simultaneous introduction of HAp and zirconia into

the matrix. Park et al. [13], for example, employed up

to 43 wt% of zirconia into UHMWPE and the maxi-

mum reduction in COF and wear rate they observed

was 10 and 25%, respectively. Besides, when com-

pared to studies evaluating the effect of kaolin [14],

HAp [30], alumina [31], zeolite [32], and some other

inorganic fillers briefly reviewed in Maculeve’s study

[15] on wear properties, zirconia-HAp simultaneous

incorporation used in the current research remark-

ably increased wear resistance of the eventual mate-

rial at much lower filler contents.

In order to justify the results obtained in the cur-

rent study, one may propose that in the hybrid

nanocomposite, HAp and zirconia particles would

keep the soft polymer from the frictional indenter

and reduce the stress exerted by the counterface, a

phenomenon that is known as load-carrying capacity

[32]. However, this would only occur if the frictional

load is effectively transferred from matrix to

Figure 8 Exothermic DSC plots of the neat U and UHZ series

samples.

(b) (c) (d) (e) (f)

(a)

Figure 9 a COF of the samples as a function of sliding distance throughout the wear test and OM images of wear width of a U, b UH,

c UHZ(2), d UHZ(6) and e UHZ(10) samples.

Table 4 Crystallization degree (Xc) and temperature (Tc) taken

from DSC plots

Crystallization

degree (wt%)

Crystallization

Temperature (�C)

U 42 115.2

UHZ(2) 46.5 117.8

UHZ(6) 48.3 119.1

UHZ(10) 50.8 120.2
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reinforcing particles, which itself is affected by the

dispersion state. Homogeneous contact between the

counterfriction surfaces, resulted from homoge-

neously dispersed particles, enables the filler parti-

cles to play their reinforcing role in eventual

improvement in wear resistance. Therefore, the

resulted wear resistance improvement could be

attributed to the effective processing and manufac-

turing technique used in this study which led to

uniformly distributed zirconia and HAp

nanoparticles.

Besides, according to Liu et al. [33], ploughing and

adhesive forces are the two main factors taking part

in wear process in the presence of an appropriate

interfacing, which is also affected by the quality and

the degree of dispersion. Therefore, a homogeneously

distributed nanostructure, adhesive forces would

weaken the ploughing ones and hinder the wearing

process. In addition, adhesive forces are also

strengthened when samples exhibit higher elastic

modulus and hardness. Thereupon, as only a few

clusters and agglomerations are observed in Fig. 8,

one could also relate the wear resistance improve-

ment to elaborated adhesive forces when intrinsically

hard zirconia-HAp nanoparticles act as load carriers.

Additionally, Vickers testing results presented in the

previous section, were also in accordance to wear

testing results, where the increase in hardness could

be the reason for adhesive forces strengthening and

eventually increasing wear resistance.

Although there are numerous references which

consider no significant relation between the crys-

talline structure of the polymeric matrix and wear

resistance [34], according to some others, whatever

increases the crystalline degree, elastic modulus and

hardness would eventually increase wear resistance

[35–37]. Therefore, another possible reason of the

increased wear resistance could be the nucleating

effect of zirconia nanoparticles on UHMWPE chains,

which was discussed in the previous section by

means of the DSC results shown in Fig. 8 and

Table 4.

As a sequel, wear rate and COF in UHZ(10) sample

were reduced by 88 and 61%, respectively, when

compared to the neat U sample. Therefore, it can be

concluded that the wear debris, as the main reason of

osteolysis and implant failure, can be eliminated as

much as possible in a hybrid nanocomposite con-

taining HAp and zirconia particles.

(a) (b)

Figure 10 Calculated a mean coefficients of friction and b normalized wear rates of samples.

Table 5 Tribological results extracted from wear test analysis

Sample name COF (%) Weight reduction (mg) Density (Kg/m3) Wear rate (m2/N) Normalized wear rate

U 0.165 1 8.375 0.0199 1

UH 0.152 0.7 9.336 0.0124 0.623

UHZ(2) 0.093 0.2 10.250 0.00325 0.163

UHZ(6) 0.065 0.1 10.289 0.00161 0.080

UHZ(10) 0.058 0.1 10.780 0.00154 0.077
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Biological properties

Biological behavior of the samples was investigated

through MTT assay, cell morphology and alkaline

phosphatase enzyme level. According to MTT assay

results, shown in Fig. 11a, all samples have proven to

make no reverse or toxic effect in a period of 7 and

14 days, if the index of appropriate viability consid-

ered as 85% [38]. Increasing viability in UH sample

with respect to the control and U cultures is due to

the addition of hydroxyapatite as a bioactive mate-

rial. Relative survivability of the osteoblast MG-63

cells even increased slightly with the rising content of

zirconia, which would strengthen the idea of zirconia

bioinertness, as it was previously reported [16].

Accordingly, MTT assay indicated that all samples

especially the ones containing zirconia, were com-

pletely biocompatible and showed no negative effect

on the survivability of MG-63 cells.

The amount of alkaline phosphatase enzyme con-

centration in the cultures containing samples for

7 days were measured to evaluate how well osteo-

blast MG-63 cells could grow and multiply in pres-

ence of samples. As shown in Fig. 11b, the ALP

enzyme for U sample reduced when compared to the

control culture, which may have happened due to

lack of osteoconductivity of UHMWPE as a chemi-

cally inert material. While by adding hydroxyapatite

as an osteoconductive material with a structure sim-

ilar to the mineral component of natural bone, the

ALP enzyme rose slightly. At the same time, in

samples containing zirconia, the amount of ALP

concentration increased almost significantly espe-

cially in UHZ(6) and UHZ(10). In consequence, the

reason could be attributed to reported osteoconduc-

tive ability of zirconia and alumina which was

observed in previous studies [16].

In order to have a full assessment of in vitro bio-

logical behavior of the samples, cell morphologies

were also surveyed with the details described in

previous sections. Cell attachment quality and

quantity, which is related to samples intrinsic and

surface properties, determines how well cells could

attach, proliferate and multiply with specific surface

conditions and consequently is an index of surface

suitability for the cells to be attached to and to sur-

vive [22]. According to Fig. 12a, which shows cell

attachment on the surface of the U sample, MG-63

cells were scattered all over the surface with only a

few ligands attached to the surface which are marked

by circles. While in UH sample in Fig. 12b, cells have

covered the surface with only a few spherical cells as

a sign of insufficient attachment. Moreover, although

there was an almost homogeneous cell coverage on

the surface of UHZ(2) sample shown in Fig. 12c, the

presence of spherical cells and pseudopods over the

surface was also observed. Besides, there were also

cell ligands adhered to the surface in some areas.

On the contrary, in UHZ(6) and UHZ(10), as

shown in Fig. 12d, e, the surfaces were almost

entirely covered with cells with no sign of spherical

cells which demonstrated an almost ideal surface for

the cells to attach on and multiply, meaning that

adding zirconia surprisingly increased biological

compatibility of the samples and provided a better

substrate for metabolic interactions of the cells.

Determinately, according to the three biological

tests carried out, it can be concluded that zirconia-

(a) (b)

Figure 11 a MTT assay test results to evaluate samples biocompatibility in 7 and 14 day periods and b alkaline phosphatase (ALP)

enzyme concentrations in presence of the cultured samples after 7 days.
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HAp simultaneous incorporation has provided more

appropriate environments for the MG-63 osteoblast

cells to survive and perform their vital metabolic

reactions. Therefore, it would ultimately mean that

zirconia containing samples, especially UHZ(6) and

UHZ(10), would exhibit better in vitro biocompati-

bility, osteocell formation and growth than HAp

alone. In addition, although zirconia is known as a

bio-inert material, it has demonstrated osteoconduc-

tivity in this study. In vitro interaction of zirconia and

alumina with osteoblast cells has been referenced in a

biocompatibility point of view for years [16, 38].

Bächle et al. [39] found out that zirconia nanoparticles

showed good surface attachment and proliferation of

the CAL-72 osteoblast-like cells which indicated that

zirconia demonstrated an osteoconductive capability

through providing a secreted extracellular matrix

(ESM), where cells were able to adhere, grow and

spread more easily. In addition, zirconia involves in

short-term events like physicochemical linkages

between cells and materials involving ionic forces

and van der Waals forces. In the adhesion phase of

the cells, other biological molecules like extracellular

matrix proteins, cell membrane proteins, and

cytoskeleton proteins interact together, giving the

conclusion that the more osteoconductive the mate-

rial is, the better attachment would occur [39]. They

have also claimed that the reason of rising alkaline

phosphatase level with increasing zirconia content

was similarly related to the same capability which

would facilitate osteoenzymes release and therefore

facilitates bone tissue formation in contact with the

material. According to Josset et al. [40], the ability of

zirconia and alumina to facilitate migration and col-

onization of osteoblast cells was considered as the

reason to high alkaline phosphatase activity and cell

proliferation along with more than 90% viability

cultured on these ceramics. They have also reported

capabilities such as acceleration of infrastructural

proteins synthesis in presence of zirconia which

resulted in elaborating extracellular molecules pre-

ceding mineral deposition, a sequence of events

leading to bone formation. Aboushelib et al. [41],

studied viability of human osteoblasts on zirconia

nanoporous structures and discovered the same

results which approved the osteoconductivity of zir-

conia and its role on osteoformation and biocompat-

ibility of the final implants. According to Yoo et al.

[42], oxidative stress caused by release of free radicals

following the sterilization or other processes, is the

main reason of cells death. Thereafter, the addition of

zirconia nanoparticles might increase stability of

UHMWPE and decrease the number of free radicals

released into the culture which in consequence

increase the survivability and growth of the cells.

Eventually, inherent osteoconductivity of zirconia

along with its capability to facilitate protein synthesis

and ECM stabilization are believed to result in

excellent biological properties that were observed in

this study, making it one of the best candidates to be

used as bone tissue implants. It has also demon-

strated better biological properties than the com-

monly used hydroxyapatite which may bring up the

idea of a prospective replacement for the current

commercially used hydroxyapatite reinforced

nanocomposites.

It is worthful to mention that the results of the

current study are superior than works done by

researchers, for instance, the data reported by various

scientists [15], indicate the same value for cell via-

bility by adding at least 50 wt% of hydroxyapatite to

UHMWPE matrix, while the results of the current

study reveal that the same amount could be achieved

by adding less than half the proportion used in the

mentioned work. On the other hand, introducing

zirconia as a propitious biocompatible material,

which was only briefly worked on as a candidate to

eliminate the setbacks of UHMWPE liners

[24, 27, 40, 43], has resulted in much improved cell

adhesion even than HAp and carbonous materials

such as CNT, graphene, and graphene oxide [44].

Conclusion

As an implant material, liners of the total hip joint

replacement are expected to meet the standards in

the fields of wear resistance, mechanical properties

and biological interactions with the surrounding tis-

sue. Therefore, zirconia and hydroxyapatite were

chosen as potential reinforcements for the conven-

tional UHMWPE liners to elevate its required prop-

erties. A simple liquid-phase mixing and

ultrasonication were chosen followed by hot pressing

to obtain the final nanocomposite samples. The

bFigure 12 SEM images at different magnifications of cell

morphology on a U, b UH, c UHZ(2), d UHZ(6) and e UHZ(10).
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addition of zirconia to HAp significantly improved

wear resistance in comparison with hydroxyapatite

alone and furthermore eliminated the concern of

wear debris and adverse biological responses caused

by osteolysis. Zirconia-HAp simultaneous incorpo-

ration was also able to elevate mechanical properties

when compared to hydroxyapatite which did not

prove to be an appropriate reinforcement to meet the

required yield strength. Zirconia have also demon-

strated exceptional biological responses in presence

of MG-63 osteoblast cell cultures with making no

cytotoxicity and high alkaline phosphatase activity

along with fully spread osteocells. Therefore, the

present study has evaluated zirconia-HAp simulta-

neous incorporation as a promising material to

overcome the shortcoming of the conventionally used

UHMWPE to improve its insufficient mechanical,

tribological, and biological properties as an implant

liner. Besides, the reduction of reinforcement usage to

less than half of the conventional values used in other

studies, and surpassing the embellishment in results

reported by those studies, are also another important

achievements of the current research.
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