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In this investigation, multi-wall carbon nanotubes (MWCNTSs) with various percentages including 0.6, 1, 1.4 and 2 % were com-
bined into high-density polyethylene (HDPE 60 w/%) and hydroxyapatite (HA 40 w/%) to form a biocomposite, using hot-press
techniques. The surface topography shown by AFM images illustrates the differences in the roughness of the samples’ surfaces
with different percentages of added MWCNTSs. The DSC technique exhibits the effect of adding MWCNTSs in different percent-
ages, creating a degree of crystallinity that affects the mechanical properties of the samples. The in vitro bioactivity was investi-
galed by immersing the samples in Ringer’s solution acting as simulated body fluid (SBF) for (0, 3, 6, 9, 12) d. The FE-SEM
and EDX image explained the HA layers formed on a sample’s surface after 3 d in Ringer’s solution. Based on the XRD tech-
nique, after being immersed in Ringer’s solution, the HA crystallographic structure forms monetite. The enhancement of
bioactivity was shown during the incorporation of MWCNTSs into the HA/HDPE composite. These results exhibited excellent
indications of biocompatibility properties with a possibility of making promising biomaterials for making bone-substitute appli-
cations.

Keywords: bone-tissue engineering, biomaterials, bone scaffold

V pricujoem ¢lanku avtorji opisujejo izdelavo biokompozita s tehniko vroCega stiskanja. Kompozit je bil izdelan z matrico iz
60 w/% visoko gostega polietilena (HDPE) in 40 w/% hidroksiapatita (HA; Ca,o(PO4)s(OH)2). Kol ojacitvena faza je bila
uporabljena razli¢na vsebnost (0.6, 1, 1.4 in 2 w/%) vec-stenskih ogljikovih nano-cevfic (MWCNT). Slike povriinske
topografije kompozita dobljene s pomo¢jo mikroskopije na atomsko silo (AFM: Atom force Microscopy), kaZejo razlike v
hrapavosti povriine glede na vsebnost dodanih MWCNT. Diferencialna vrsti¢na kalorimetrija (DSC) je pokazala vpliv dodatka
MWCNT na stopnjo kristalini¢nosti kompozita, kar vpliva na njegove mehanske lastnosti. Avtorji ¢lanka so doloCevali
bioaktivnost kompozita in vitro s postopkom potapljanja vzorcev za 3, 6, 9 in 12 dni v Ringerjevo raztopino, ki simulira telesno
tekocino (SBF: angl.: simulated body fluid). S pomocjo vrsti¢ne elektronske mikroskopije (FE-SEM) in rentgenske energijske
disperzijske spektroskopije (EDX) so pojasnili plasti HA, ki so nastale na povrSini vzorcev po tri dnevnem zadrZevanju vzorcev
kompozita v Ringerjevi raztopini. Po potapljanju vzorcev v Ringerjevo raztopino so s pomod&jo XRD tehnike ugotovili, da ima
HA kristalografsko strukturo monetita. Z dodatkom MWCNT v HA/HDPE biokompozil se je povecala njegova bioaktivnost. To
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kaZe na odli¢no biokompatibilnost tega kompozita in moZnost njegove uporabe kot kostnega nadomestka.
Kljucne besede: inZeniring kostnih tkiv, biomateriali, kostni gradnik

1 INTRODUCTION

Bone is a specialized connective tissue, highly orga-
nized and complex. It is physically characterized as a
hard, rigid and strong tissue; when investigated micro-
scopically, its appearance consists of relatively few cells
and a lot of intercellular material made of stiffening ele-
ments and collagen fibers. The best bone substitutes and
grafts are naturally those with biological and biomecha-
nical characteristics that match the normal bone.!

*Corresponding author’s e-mail:
ali.martial85@gmail.com (Ali A. Al-allaq)
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Bone grafting is one of the most frequently applied
medical techniques for increasing bone regeneration in
orthopaedics surgery. This method has many limitations
and risks for the patient. So, the evolution of artificial
bone and use of substitute materials that do not affect
healthy tissue, causing bacterial or viral risk to the pa-
tients, and can be provided at any time, in any amount
are preferred.>® Calcium phosphate bioceramics, such as
hydroxyapatite (HA) nanoparticles, have been largely
used as synthetic bone-replacement materials for ortho-
paedics and dental treatments. HA has been the base
mineral constituent of human bones and teeth because of
its excellent bioactivity and biocompatibility.** Polyeth-
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ylene is one type of biocompatible polymers. It has many
features such as easy formability, inertness and excellent
stability in body fluids. Due to its physical properties
(modulus/strength), polyethylene can be used for load-
bearing hard-tissue prosthesis applications. Many re-
searchers attempted to improve hydroxyapatite’s me-
chanical properties by using reinforcing materials to
match the natural-bone specifications and investigating
their bioactivity level.® Carbon nanotubes (CNTs) have
large aspect ratios, extremely high surface areas and sig-
nally high mechanical strength. These extraordinary fea-
tures make nanotubes good candidates as fillers in vari-
ous ceramics and polymers used for achieving desired
properties. It can be expected that combining polymeric
materials with CNTs will modify the surface characteris-
tics of CNTs. This combining can modify their toxicity
without affecting their particular characteristics and po-
tential for future applications.”

MWCNTs can increase the interfacial interaction be-
tween a polymer matrix and MWCNTs due to their
chemical functionalization. This feature improves the ad-
hesion of MWCNTSs to polymers and various organic
solvents. Also, it improves dispersion and reduces the
tendency to agglomerate. The improved interactions be-
tween a polymer matrix and MWCNTs enhance the
polymer’s load transfer to the nanotubes and improve the
reinforcement efficiency.®

Many investigations strived to improve hydroxy-
apatite’s mechanical features by using reinforcing mate-
rials to match the natural-bone properties, and investigat-
ing their bioactivity level. Several studies attempted to
apply CNTs as a new method of improving the mechani-
cal properties of polyethene,’ hydroxyapatite (HA)'" and
composites of HA/HDPE.!! Numerous studies found that
CNTs increase the proliferation and adhesion of osteo-
blasts and fibroblasts. However, the biocompatibility
with these cells may depend on the surface energy and
diameter of the CNTs. In other investigations, CNTs
were also reported to decrease the proliferation and tox-
icity of osteoblast cells. So, the CNT reinforcement of
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nanocomposites for bone implants still requires more in-
vestigation before it can be approved as a biocompatible
material, especially with regard to bone-cell applica
tions.'® In order to examine the biological activity, many
studies attempted to prove the effectiveness of certain
biocomposites, providing suitable results regarding
bone-substitute materials.!>'* This work aims to investi-
gate the effect of additions of various weight percentages
(w/%) of MWCNTs to a hybrid (HA, HDPE) biocom-
posite on the bioactivity properties to form a biocom-
posite material that can be used as a bone substitute.
Samples were fabricated using the hot-press technique.
The in vitro investigation used Ringer’s solution as simu-
lated body fluid (SBF).

2 MATERIALS AND METHODS
2.1 Production of hybrid biocomposite samples

HDPE powder with a particle size of 5 um was pur-
chased from Right Fortune Industrial Limited (Shanghai,
China). MWCNTs with a purity of 90 % were provided
from Cheap Tubes Inc., USA. HA nanoparticles with a
particle size of 20 nm, a powder purity of approximately
99 % and a density of 3140 kg/m* were obtained from
MK Nano (Toronto, Canada). The composition of
HA/HDPE was 40 w/% HA/60 w/% HDPE, while the
amounts of the MWCNT addition were (0.6, 1, 1.4 and
2) %. The hot-pressing technique used for composite
shaping was employed to fabricate all the specimens.
The pressure was applied hydraulically using Instron
1195, while heating was produced externally, using ex-
ternal heaters. The mold was heated to 150 °C and held
at this temperature for 15 min. The melt-pressure value
was 29 MPa for the samples molded. Figure 1 shows a
summary of the sample-fabrication process.

2.2 Atomic force microscopy (AFM)

An atomic force microscope (Ntegra NT-MDT, Rus-
sia) was used to investigate the surface topography (sur-
face roughness and particles size). The resulting images
were processed using the Nova™ software. The exami-
nation was performed under ambient conditions by ap-
plying the tapping mode.

2.3 Differential scanning calorimetry (DSC)

A DSC furnace is an isolated container provided with
a heat flux plate with a thermopile and thermocouples
measuring the heat flow to both the reference and sample
containers. A differential scanning calorimeter (DSC-60,
Shimadzu, Japan) was used. The sample mass (about
5 mg) was sealed in aluminum pans, then heated at a
constant degree rate (5 °C/min) in a temperature range of
25-180 °C and cooled down at a rate of 10 °C/min.

2.4 Field emission scanning electron microscopy
(FE-SEM) and EDX ftesting

The biocomposite specimens’ morphology was exam-
ined using a field emission scanning electron microscope
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(FE-SEM) (FEI Quanta 450, USA) at an accelerated
voltage of 3—10 kV. The samples were coated with a thin
layer of gold under vacuum to avoid a heat build-up and
electrostatic charging during the examination. An EDX
quantitative study was carried out to determine the chem-
ical composition (the Ca/P ratio) of the samples before
and after the immersion in Ringer’s solution.

2.5 X-ray diffraction (XRD)

X-ray powder diffraction is a non-destructive analyti-
cal technique and one of the most prospective character-
ization tools for identifying both inorganic and organic
crystalline materials. To determine the crystal structures
of the biocomposite samples (HA/HDPE/MWCNT), an
XRD analysis was performed using SHIMADZU XRD
6000 whose testing conditions included a voltage of
40 kV, current of 30 mA, drive axis of 6-26, scan speed
of 10.0000 °/min, sampling pitch of 0.2000° and preset
time of 1.20 s.

2.6 Immersion in simulated body fluid (SBF)

In this study, a biocompatibility test of the samples
was performed in Ringer’s solution. Ringer tablets were
purchased from Merck Company, Germany. The prepara-
tion of the fluid for the biocompatibility test was adopted
from the protocol procedure given by the company that
provided the tablets. This procedure was performed by
dissolving 1 tablet in 0.5 | of distilled water in the auto-
clave at 121 °C for 15 min. The pieces of equipment
used to complete this test are shown in Figure 2. The
SBF solution temperature was kept at 37 + 0.5 °C; a hot
plate and a thermometer were used. The prepared fluid
was replaced every 4 d to maintain the pH value at
7 = 0.5. The prepared samples were immersed in
Ringer’s solution at 37 °C and the bioactivity behavior
was assessed with an XRD measurement of each sample
after (0, 3, 6, 9, 12) d (after immersing). Also, FE-SEM
and EDX were used to complete the assessments.

3 RESULTS AND DISCUSSION
3.1 AFM results

AFM 3D images recorded the surface topographies
of the 40HA/60HDPE samples with different amounts of
added MWCNTSs as shown in Figure 3. The sample
microstructures indicate a homogeneous distribution and
interconnections between the HA and MWCNT nano-
particles within the HDPE matrix; in addition, the fi-
brous structure increases with an increased percentage of
MWCNTSs. Table 1 lists the differences in the roughness
of sample surfaces. The AFM result shows that the maxi-
mum surface roughness of 24.023 nm appeared on the
sample with a composition of 40HA/60HDPE/2
MWCNT. The roughness of the sample surface has a sig-
nificant effect on the increase in differentiation and cell
proliferation.’!® During in vivo investigations, the sur-
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Figure 2: Bioactivily test system

face roughness is one of the most significant parameters
for osseointegration. Because of the roughness, the im-
plant topography may simulate the physical signals left
by an osteoclast action on the bone surface morphology
during the bone-resorption process.'” Also, researchers
explained that an increase in the roughness or surface
area of scaffold matrices enhance the osteoblast re-
sponse, which can lead to an enhanced osteoconductivity
of the biomaterial."®

Table 1: AFM parameters (peak-peak distance, roughness average and
root mean square (RMS) roughness) at different w/% of MWCNTs

Amount of Peak-peak | Roughness |RMS rough-
MWCNTs (w/%) (nm) average (nm)| ness (nm)
0.6 64.664 5.551 7.642
1 170.275 13.93 17.5
1.4 76.28 8.114 10.43
2 207.787 24.023 30.289

3.2 DSC result

Figure 4 shows DSC curves for the 40HA/60HDPE
samples, explaining the effect of adding MWCNTS in

Figure 3: AFM 3D images showing granularity distribution for
(40HA/60HDPE): a) 0.6 w/%, b) 1 w/%, ¢) 1.4 w/%, d) 2 w/% of
MWCNTs
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Figure 4: DSC curves for the 40HA/60HDPE composite with various
wi% of MWCNTs

different percentages. The area under the melting and
crystallization curves of the peak temperature was regis-
tered to calculate the melting and crystallization
enthalpies (AH, and AH.), respectively. The thermal be-
havior during the heating and cooling of the nano-
composites (HA/HDPE) with various MWCNT w/% is
summarized in Table 2. The reasons for decreases in the
degree of crystallinity are the entanglement and confine-
ment effects and also the conglomeration of fillers at
high HA-additive percentages. Another reason is also the
fact that the HA filler has a higher individual heat capac-
ity, which makes it a better heat transmitter, resulting in
faster cooling of the composite. This increased cooling
rate occurred in the thin lamellar formation, leading to a

lower crystallinity degree.!” These results show the
MWNTs as the nucleating agents, and the previous in-
vestigations reported the same.?”?' On the other hand,
when the MWNT addition was increased, the fillers be-
gan to block the polymer macromolecular mobilization
chains and inhibit macromolecular parts from obtaining
a crystal structure.” The mechanical properties of poly-
mers increase significantly with an increase in the degree
of crystallinity.” Thus, it can be proven that the addition
of MWCNTs to the composite led to improved mechani-
cal properties.

3.3 Bioactivity test

3.3.1 FE-SEM and EDX observations

The FE-SEM analysis was performed before the im-
mersion day, after 6 d and after 12 d of immersion in
Ringer’s solution to recognize the HA formation.
FE-SEM images of the biocomposite surfaces
(40HA/60HDPE) with various w/% of MWCNTs are
shown in Figures 5, 6, 7 and 8. It can be observed that
the HA layer was deposited on the surfaces of the sam-
ples after 6 and 12 d of immersion. Also, we can see that
the amount of HA layer developed with the increasing
immersion time from 6-12 d; this is in agreement with a
previous investigation.”* The increase in the growth of
HA films on the composite surfaces creates the best
bioactivity features,” supporting osseointegration and
bypassing fibrous encapsulation.’® According to the
FE-SEM analysis, the increased MWCNT amount has a
significant effect on the structure of the samples, increas-
ing the fibrous structure. The fibrous structure of a sam-
ple attracts attention with regard to bone-tissue engineer-

Table 2: Summary of the thermal data based on DSC curves for different w/% of the MWCNT additive to the HA/HDPE/MWCNT biocomposite

. Melting stage (°C) AH, Cooling stage (°C) AH, ;
Specimen (T.) (Tw) (T lg) (T (T,) (To) arg | K™

+ 0.6 MWCNT 11241 105.72 116.65 132.95 94.40 98.72 87.06 122.73 45.8

+1 MWCNT 111.60 104.46 115.88 127.10 94.04 98.86 86.65 119.12 43.8

+1.4 MWCNT 110.60 103.39 114.76 136.86 94.09 99.16 86.70 130.69 47.1

+ 2 MWCNT 11241 104.55 117.04 162.13 94.00 99.80 86.51 164.96 55.9

Tm — melting peak temperature, T, — onset temperature, T, — endset temperature, AH,;, — melting enthalpy, T, — crystallization peak temperature,

AH, — crystallization enthalpy, X¢ — degree of crystallinity

Figure 5: FE-SEM images of the 40HA/60HDPE/0.6 MWCNT composite: a) before 6 d, b) after 6 d, ¢) after 12 d of immersion in Ringer’s solu-
tion (the white arrows indicate the HA layers)
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Figure 6: FE-SEM images of the 40HA/60HDPE/1 MWCNT composite: a) before 6 d, b) after 6 d, ¢) after 12 d of immersion in Ringer’s solu-
tion (the white arrows indicate the HA layers)

Figure 7: FE-SEM images of the 40HA/60HDPE/1.4 MWCNT composite: a) before 6 d, b) after 6 d, ¢) after 12 d of immersion in Ringer’s solu-
tion (the white arrows indicate the HA layers)

Figure 8: FE-SEM images of the 40HA/60HDPE/2 MWCNT composite: a) before 6 d, b) after 6 d, ¢) after 12 d of immersion in Ringer’s solu-
tion (the white arrows indicate the HA layers)
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Figure 9: EDX analysis of the 40HA/60HDPE/1 MWCNT sample before and after 12 d of immersion in Ringer’s solution
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ing not only because it can mimic the natural bone
extracellular matrix but also because it can help the tis-
sue to regenerate and integrate it with the neighboring
host bone.?” To better understand a sample’s surface
bioactivity, the Ca/P ratios were measured and calculated
from the EDX spectra, as shown in Figure 9 and Ta-
ble 3, before and 12 d after the immersion in Ringer’s
solution. The Ca/P formation appeared on the HA/HDPE
composite surface after the immersion in Ringer’s solu-
tion for 12 d. The result of the bioactivity test agreed
with that achieved with FE-SEM. The HA layer covered
the composite surface, proving the sample’s excellent
bioactivity characteristics, which was in agreement with
the conclusions reported by other studies.'*?* Based on
the presented results, we recommend the use of the
HA/HDPE/MWCNT composite with excellent bioactive
characteristics as a substitute material for the bone re-
pair.

Table 3: Comparison of the Ca/P ratio obtained during the EDX ex-
amination of the spectra of the samples with different w/% of
MWCNTSs before and after 12 d of immersion in Ringer’s solution and
Ca/P ratio of natural human bone

Ca/P ratio be-| Ca/P ratio af- . .
M[\‘EF%I\)IT fore the im- fter 12 d of im| “¥/P If;ltlgo‘])limtu'
i mersion day mersion
0.6 23 4 - 2.31-2.36 for
women and men,
1 2.06 3.17 respectively, in a
flat bone”
2
1.4 2.41 _ 4.32 - 2.28-2.14 for
2 2.75 4.2 adults™"

3.3.2 XRD analysis

The XRD technique is an additional analysis of
bioactivity aspects. The XRD results for the
40HA/60HDPE composite before and after the immer-
sion in SBF for (3, 6, 9, 12) d, with various w/% of
MWCNTs are shown in Figure 10. It can be observed
that the effect of SBF with the immersion time caused a
slight shift in 26. This proves the stability of the compo-
nents of the composites during their exposure to SBE. An
in vitro examination of HA such as monetite or brushite
is often challenging due to the ion discharge into SBF or
adsorption from SBF. These ionic variations are most ef-
fective for the cell activity and proliferation.’> Monetite
(dicalcium phosphate anhydrous CaHPOy) and brushite
(dicalcium phosphate dehydrate CaHPO42H20) are
other calcium phosphate phases. They can reconstruct
bone cells by allowing replacement materials to form a
new tissue.*

Based on the XRD data, an immersion in SBF leads
to a change in the crystallographic structure of HA and
formation of monetite and brushite. Monetite appeared
markedly after 6 d and in the samples that had (0.6, 1.4
and 2) w/% of MWCNTSs; in the sample with 1 w/% of
MWCNTSs, it appeared after 3 d. Brushite exhibits a
higher solubility in physiological environments, leading
to in vivo bone remodeling due to a more active resorp-
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Figure 10: XRD patlerns of the 40HA/60HDPE composite before and
after the immersion in SBF, with 1 w/% MWCNTs (* denoted
monetite, P = HDPE, H = HA, M = MWCNT)

tion. In comparison, monetite exhibits a lower solubility
under physiological conditions than brushite, but it is
resorbed faster during an in vivo investigation. So,
monetite does not convert into HA with a low solubility
at the physiological ph. In conclusion, both of them gave
promising in vivo results.?

4 CONCLUSION

The synthesized composites (HA/HDPE) with differ-
ent w/% of MWCNTs were fabricated using the hot-
pressing technique and characterized with several tech-
niques. The surface topography of the samples indicates
a homogeneous distribution and interconnections be-
tween the components of the composite materials exhib-
iting fibrous-structure increases with increased amounts
of MWCNTs. The maximum roughness of the surface
appeared in the sample with 2 w/% of MWCNTSs. Hence,
the roughness of the sample surface has a significant ef-
fect on the differentiation and cell-proliferation increase.
Based on a thermal analysis, the percentage of crystalli-
zation increased from 45.8 % to 55.9 % when the
amount of added MWCNTSs increased from 0.6 w/% to
2 w/%. This development in the crystallization degree
shows that an excellent enhancement of mechanical
properties occurs with an increased percentage of

Materiali in tehnologije / Materials and technology 55 (2021) 5, 673-680
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MWCNTs, as reported in our previous study.'' The in vi-
tro biological analysis exhibited high bioactivity. The ac-
tive HA layer formed after the sample immersion in
Ringer’s solution; this layer also developed with an in-
crease in the immersion time from 6-12 d. The appear-
ance of the HA layer with the fibrous structure of the
sample surface allows a better understanding of
bioactivity needed for a simulation of natural bone as an
extracellular matrix. It can be concluded that the
HA/HDPE/MWCNT biocomposite has a great potential
to be used as a bone-substitute material.
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