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Summary

Composites properties are directly related to the degree of interaction between the plastic
matrix and the inorganic filler. In the present work, the improvement of the composite’s
properties by means of the addition of surface-treated and untreated hydroxyapatite
(STHA and HA, respectively) was studied. An ethylene-acrylic acid copolymer was melt
blended with high-density polyethylene and HA (HDPE/HA/EA). A surface treatment
was performed using an ethylene-acrylic acid (EA) copolymer for STHA, and acrylic
acid (AA) for STHA,. High-density polyethylene (HDPE) was also tested. STHA, and
STHA, composites exhibited Young’s modulus values (556 and 558 MPa, respectively)
22 % higher than that of HDPE/HA (455 MPa) and 8 % higher than that of HDPE/HA/EA
(520 MPa). Additionally, STHA composites showed both yield stress and strain (ogrya;=
23 MPa; estya1=9 %; 6stHA2= 22 MPa; e5m1a2= 10 %) having a remarkably different be-
havior from that of the HA composites, which showed no yielding at all. TEM micro-
graphs showed better filler dispersion when surface treatment was applied to HA. Yet, the
presence of EA copolymer exhibited a poorer thermal stability. The crystallinity degree
as well as the crystallization and melting temperatures showed no significant variation.
Regarding in vitro evaluation, composites with HA and EA copolymer proved to have
better cell adhesion at early stages. The results of the STHA composites could be
attributed to the electrostatic interactions taking place between the ethylene-acrylic acid
copolymer and the polar groups of the HA.

Introduction

Polyolefins are materials with a widespread range of applications due to their properties,
versatility and low cost. From the toy industry to complex engineering applications,
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these materials have exhibited an outstanding performance. However, because of their
mechanical properties, there are many areas in which the use of polyolefins is limited.
For example, applications requiring properties such as toughness and resistance are hard
for these materials to fulfill. Therefore, rigid particulated fillers are being incorporated
into the polyolefin matrix in order to promote mechanical strength. For instance,
hydroxyapatite (HA) reinforced polyethylene (PE) is revealing a potentially increasing
performance as a biomaterial because of its resemblance to bone physical properties'™.
In general, every composite show a behavior directly related to the combination of the
properties of both of the compounds, i.e. matrix-filler interaction. Thus, it is of
significant importance to deal with the interfacial strength of the composite.

Recent work has used unsaturated monomers such as acrylic acid (AA) in order to be
grafted onto PE promoting interfacial adhesion when HA is employed as filler*®.
Wang & Bonfield* reported an increase in ductility and tensile strength of AA-grafted
high-density polyethylene (HDPE) composites filled with HA. Additionally, Huang’
et al. promoted HA biomineralization in the PE when grafted with AA, improving the
mechanical properties of the composite as well. Thus, increasing the interfacial
strength by adding functionality to the PE is seen as an achievable goal.

However, looking for the ultimate goal, i.e. improving mechanical properties, the
material biocompatibility can be utterly affected. Therefore, it is of significant
importance to enhance mechanical properties making sure not to diminish the
biocompatibility. For instance, Di Silvio’ demonstrated that osteoblastic cell
attachment and bone in-growth could be carried out controlling the composition as
well as the surface topography of the HA in HDPE composites. Moreover, Zhang® et
al. showed that HDPE composites filled with 60 wt % HA evidenced a regular
growing cycle of osteoblast cells. Authors evaluated unfilled PE, HA and their
composites, to then prove that the best in vitro response belong to the latter. They
conclude that HDPE filled with 60 wt % HA, combined with its excellent mechanical
properties, showed to be a potential candidate as a biomaterial.

Therefore, in the present work, morphological, biological and mechanical properties
of 30 wt % HA filled HDPE were evaluated with and without the addition of an
ethylene-acrylic acid (EA) copolymer which brings functionality into the PE matrix,
improving the interfacial strength of the composites. In addition, this material is also
compared to a HDPE composite filled with a surface-treated HA (STHA).

Materials and Methods

A commercial HDPE was supplied by Polinter (MFR = 5 dg/min, p = 0,94 g/cm’); an
EA random block copolymer with 20 wt % of AA content and AA were supplied by
Sigma-Aldrich. Calcium hydroxide was purchased from Mallinckrodt and ammonium
phosphate was supplied by Fischer Scientific. Decalin was supplied by Riedel-de
Haén. Triethanol amine was provided by Aldrich. Reagents and materials for cell
culture and tests were purchased from the following sources: Dulbeco’s Modified
Eagle’s Medium (DMEM), trypsin and fetal bovine serum (FBS) GIBCO, penicillin,
streptomycin and collagenase, SIGMA. CyQuant kit was purchased from Invitrogen.

Synthesis of HA

HA granules were prepared trough a precipitation reaction between calcium hydroxide
(Ca(OH),) and ammonium phosphate ((NH,),HPO,) solutions, according to a method
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described in the literature’. The resulting solution was centrifuged and washed with
deionized water until neutral pH to finally being vacuum dried for 48 hours at 65 °C.
HA was then milled and sieved with a 150-mesh screen. The resulting powder was
subjected to a particle size- distribution analysis which evidenced a mean particle size
of 6.9 um. Size distribution is shown on figure 1.
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Figure 1. Particle size distribution of HA powder used in compounding.

Composite Preparation

Composites were prepared in a Haake Rheomix internal mixer. HDPE was added to
the mixing chamber at 160 °C at a rotors rate of 50 rpm. Subsequently, EA copolymer
was added in 2 phr according to the HDPE matrix. Finally, HA was added at the
corresponding amount in order to have 30 wt %. The screw ratio was increased to 90
rpm for 8 min. Material references can be seen in table 1.

Table 1. Material reference

Material Code
— : - -
High-density polyethylene .Wlth 30 wt % of HDPE/HA
hydroxyapatite
High-density polyethylene with 30 wt % of
hydroxyapatite and 2 phr of ethylene-acrylic HDPE/HA/EA

acid copolymer with 20 wt % of acrylic acid.
High-density polyethylene with 30 wt % of EA-
copolymer-surface-treated hydroxyapatite
High-density polyethylene with 30 wt % of STHA
AA-surface-treated hydroxyapatite 2

STHA,

HA Surface Treatment

Surface Treatment with EA Copolymer. HA surface treatment was carried out in
solution, where 1 g of EA copolymer was dissolved during a 20 minute-period in 200
ml of decalin heated at 130 °C under continuous stirring. After that, the temperature
was lowered to 80 °C. Triethanolammine (TEA) was then added to the solution (1 ml)
and left apart for about 10 more minutes. HA powder (about 15 g) was incorporated to
that final solution and the stirring kept for another 20 minutes. The solution was
washed with ethanol and then vacuum filtered. The slurry was then vacuum-dried at
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80 °C for 48 h in order to remove the solvent. The resulting powder was prepared for
compounding.

AA Surface Treatment. Initial conditions were similar to the above mentioned
procedure. First, 0.5 mL of AA was added to the decalin solution at 80 °C for 10 min.
After that, 1| ml of TEA was incorporated into the solution. The following steps were
the same described before.

Biocompatibility Test

Osteoblast preparation. Osteoblasts were isolated from 12 calvaria of 2-3 day-old
neonatal rats as in a previous article described by Noris et al'’. Calvaria was dissected
under aseptic conditions and freed from soft tissue except for periosteal coverings,
followed by several phosphate-buffered (PBS) washes. Enzymatic digestion of tissue
was obtained using 1 mg/ml collagenase, 0.125 % trypsin and 0.5 mM EDTA. Cells
corresponding to the 3™ digestive extraction were seeded at a 6x10° cells/dish density
in 100-mm Petri dish and cultured with DMEM medium (completed with 10 % Fetal
Bovine Serum, 100 U/ml penicillin and 100 pg/ml streptomycin). Cells were
maintained at 37 °C in a fully humidified atmosphere at 5 % CO, in air. The media
was first changed 7 days after culturing and after this initial change, every 3-4 days
until cells reached confluence.

Adhesion and proliferation tests. The different materials to be tested were treated with
70 % ethanol to remove the superficial grease. Then they were washed extensively
with deionized water and finally sterilized with a 25 kGy gamma radiation dose. Spot
samples of 6 mm diameter were tested using a 96 well-plate (for tissue culture,
NUNC). The cell number on the materials and controls were determined using a
commercial kit (CyQuant) following the instructions of the manufacturer. A 3x10’
cells/ml suspension was seeded with the different materials and control (which
corresponds to an empty well). After 16 h of incubation in optimal culture conditions
(37 °C in a fully humidified atmosphere at 5 % CO, in air), adhered cells were
quantified using the CyQuant kit.

To evaluate viability for a longer period of time and proliferation, cells were
cultivated in the same conditions described previously, for a period of 8 days, and the
number of cells present in the samples was calculated employing the CyQuant kit.

Characterization

Tensile Tests. Tensile tests were performed in an Instron 4204 universal testing
machine. Type V sample specimens (ASTM D-638) were cut from a 1 mm-thin plate
which was compress-molded. Tests were carried out using a crosshead speed of 50
mm/min.

Differential Scanning Calorimetry (DSC). Differential scanning calorimetry analysis
was carried out in a Mettler-Toledo DSC 822°, under nitrogen gas, at a flow rate of 50
mL/min. Samples (9-10 mg) were heated up to 170 °C and subsequently kept for
about 3 min in order to erase the previous thermal history. This initial heating was
performed at a rate of 20 °C/min. Then, the samples were subjected to a cooling step
down to room temperature and subsequently heated up to 170 °C, both at the same
rate of 10 °C/min. Parameters were determined from the cooling and second heating.
Crystallinity degree was calculated using the following formula:
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Where Xc is the crystallinity degree, AHm,y, is the experimental melting enthalpy and
AHmy,e, corresponds to a 100 % crystalline PE, 293 J/g ''. As HA is considered to be
inert, the area of the peak was normalized to the actual content of PE.

Thermogravimetric Analysis (TGA). Thermal decomposition analyses were performed
in order to elucidate the thermal stability of the samples evaluated. The E,-function
method, proposed by Chen'” et al., was employed to calculate the activation energy
(Ea). Samples (5-6 mg) were heated from room temperature up to 700 °C at a heating
rate of 10 °C/min in a Mettler-Toledo TGA/STDA analyzer.

Transmission Electron Microscopy (TEM).Transmission electron microscopy (TEM)
analyses were performed using a Phillips CM10 microscope. Samples were prepared
by ultramicrotomy without any further conditioning.

Results and Discussion

Figure 2 shows the Young’s modulus of the unfilled HDPE and the composites. As
seen in this figure, the modulus increases with the addition of HA to the HDPE
matrix. Furthermore, there is a moderate increase in the modulus when the EA
copolymer is being added to the HDPE/HA composite, because it somehow affects the
filler dispersion within the HDPE matrix. Moreover, when the HA is surface-treated
with the EA copolymer and AA, a slight increase is being showed by the system.

On figure 2, it is worth to mention that the Young modulus increases with the addition
of HA to the HDPE polymers. This states that the HA particles act as a reinforcement
filler by transferring the sustaining load from the matrix to the rigid particles'”"”. On
STHA composites, it is supposed that the EA copolymer is activated by TEA used in
the procedure, in order to link this molecule to Ca atoms in HA particles. This type of
chemical bond is stronger than the one expected to be in melt-blended EA copolymer

600

550 |

500 |

450 |

400 |

350 |

- I

250 : : : :

HDPE HDPE/HA HDPE/HA/EA STHA1 STHA2

E (MPa)

Figure 2. Young's modulus of HDPE and its composites.
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Figure 3. (a) Yield strength and (b) strain of HDPE and its composites.

and the HDPE/HA composite. Furthermore, it is noteworthy that the surface-treatment
displays a higher efficiency due to the fact that this method is taking place in a decalin
solution which allows the EA copolymer to make direct contact with the HA particles.
Regarding the tensile properties in yield shown in figure 3, both STHA; and STHA,
showed yielding, exhibiting an opposite behavior from those composites with
untreated HA at an equal level of filler loading. Yield strength values of STHA
composites are slightly higher than those showed by the unfilled HDPE.

Concerning yielding properties, their behavior is attributed to the surface treatment
applied to the HA particles. There could be a phenomenon occurring which explains
this fact: matrix-filler stronger interactions could be taking place on the interface
between the polymer and the HA particles which can be promoted by either the EA
copolymer or the AA placed in the surface of the HA particles. It is relevant to
consider that HA(Ca'?)-(*O,C)EA(or AA) bridges, as well as hydrogen bonds, are
likely to be formed over the mechanical interlocking between the matrix and HA
particles'®.

Figure 4 shows the tensile strength and strain values for the unfilled HDPE and its
composites. As seen in this figure, tensile strength slightly increases in the STHA
composites compared to those with untreated HA and the unfilled HDPE.
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Figure 4. (a) Tensile strength and (b) strain of HDPE and its composites.

Stress-strain curves for the composites are depicted in figure 5. These curves were
recorded at a crosshead speed of 1 mm/min. The STHA composite registered in the
figure is the STHA,. As it is well known, tensile properties values change with the
deformation rate. However, Young’s modulus values remain the same. As seen in the
figure, the trend remains the same, i.e., an increased Young’s modulus, yield and
tensile strength of the STHA composites over the untreated-HA ones.
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Figure 5. Stress-strain curves for different HDPE-HA composites at 1 mm x min-1

The increase underwent by the tensile strength and strain could be attributed to the EA
and AA molecules placed in the surface of the HA particles; this supposes a decrease
in the extent of the particle agglomeration, which contributes to reduce the effect of
the stress concentration points around particles, which end up in premature failure by
void formation upon stress loading, allowing them to transfer the tensile load in an
efficient manner compared to those composites with untreated HA. On figure 5,
STHA; curve denotes a higher area under the curve which represents a tougher
mechanism of load transfer, probably due to the before-mentioned reasons.

Transmission electron microscopy (TEM) was performed in order to study the HA
particle dispersion in the composites. As figure 6a depicts, due to the ductility
displayed by the unfilled HDPE, there are folds produced by the material stretching

| HDPE

Figure 6. TEM micrographs of (a) HDPE and (b) HDPE-HA composites.
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which are associated to the sample-cutting procedure. However, in figure 6b, HA
particles can actually be observed through the entire PE matrix.

As seen on TEM micrographs, it is possible to distinguish the particle agglomeration
phenomenon which is attributed to the compounding process as well as the lack of
interaction between the PE matrix and the HA particles. Nevertheless, the addition of
the EA copolymer in the compounding process results in better HA-particle
dispersion. Figure 7 shows the HDPE/HA/EA micrograph, which evidences (at the
same magnification of the previous figures) the presence of an enhanced dispersion, in
addition to smaller aggregations of HA particles. STHA micrographs are shown in
figure 8. Surface treatment performed on HA powder has resulted on a much more
enhanced dispersion compared to that in HDPE/HA and HDPE/HA/EA composites as
seen in the figure. TEM results evidenced a much more enhanced dispersion of the
STHA composites, which is due to the efficient EA copolymer interfacial interaction
taking place between the PE matrix and the HA particles. Moreover, this improvement
is also in agreement with the tensile test results showed before.
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Figure 7. TEM micrograph Figure 8. TEM micrographs of (a) STHA1 and (b)
of HDPE-HA-EA composite. STHA?2 composites

Differential scanning calorimetry analyses were carried out to study the influence of
the EA copolymer and HA particles in the crystalline structure of the HDPE matrix.
Figure 9 shows the melting peaks of the composites, evidencing that there is no
significant variation in their position. Regarding crystallization and melting
temperatures, there is no considerable change in their values; the same occurs with the
crystallinity degrees (Table 2). Thermal decomposition of the unfilled HDPE and
composites were evaluated employing thermogravimetric analysis (TGA). As table 2
shows, the Ea values increase with the addition of HA to the HDPE matrix which is
reasonable due to the difference in the thermal stability between the HA ceramic and
the HDPE polymeric matrix. However, the addition of either the EA copolymer or AA
to the composite decreases the thermal stability. TGA results showed that there is a
less thermally stable EA copolymer, which is prone to thermal degradation at
relatively lower temperature due to the presence of a high content of carboxylic
groups.
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Figure 9. DSC melting peaks of composites

Table 2. Parameters calculated from HDPE and its composite’s DSC and TGA thermograms.

Material AH,, (J/g) T (°C) T. (°C) X, (%) E (kJ/mol)
HDPE 172 126 112 59 372
HDPE/HA 174 127 112 59 437
HDPE/HA/EA 164 127 111 56 338
STHA, 174 127 110 60 314
STHA, 157 126 110 54 335

Biocompatibility results are shown on figure 10. Due to the presence of HA in the
composites, cell adhesion on those samples increased related to the HDPE values.
However, surface-treated samples evidenced the opposite behavior by diminishing the
biocompatibility.

Concerning biocompatibility test, after the first 16 hours, there was a visible cellular
recognition on the surface of the HDPE sample as well as on the composites without
surface treatment. Despite of the lack of polar groups in PE, which are very attractive
to cell proliferation at material surface, there is some sort of adhesion. In addition, the
HDPE/HA composite exhibits a slightly higher value of cell adhesion which is
attributed to the presence of polar groups in the HA contained in the sample.
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However, the presence of the bioactive filler seems not to increase the cell adhesion,
possibly because the particles are located deep inside the sample.

On the other hand, figure 10 shows that the cell adhesion is being favored by the
presence of the EA copolymer in HDPE/HA/EA composites. AA molecules in the EA
copolymer promote a higher cell proliferation in the composite, which is proven by
the difference in the values of the composites with and without EA copolymer.
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Figure 10. Cell adhesion test of HDPE and its composites at 16 hours and 8 days.

Therefore, the HDPE/HA/EA composite shows a better cell adhesion because of the
acrylic acid content in the EA copolymer used. The effect shown by these groups is
due to the cell recognition towards the hydrophilicity of the molecules at the
material’s surface. Mizuno'” et al. showed that this recognition is related to the
presence of polar groups in biological fluids and proteins, such as collagen, which
supports preosteoblast attachment. Moreover, Mizuno'® et al. found that this behavior
towards polar groups tends to be highly significant to cells in early stages of
differentiation, such as preosteoblastic cells.

Regarding STHA composites, cell adhesion on early stages is strongly reduced
compared to the rest of the materials. STHA seems to have a strong influence on cell
adhesion, which is attributed to the lower number of free polar groups, linked to each
other in the surface treatment. Hydroxyl groups, along with calcium atoms of HA,
could be interacting with the acrylate groups of the EA copolymer leaving less chance
to the cells to survive. In the lack of these groups, cells might not have any chemical
bond to link to, which is a possible explanation to these behaviors.

Regarding long-term cell adhesion (Figure 10), results show that there is a tendency to
cell death in the HDPE and the composites. However, STHA samples showed no
variation on their cell number. This behavior could be due to a factor inherent to the
samples, which is influencing the cell long-term adhesion.

Conclusions

The incorporation of EA copolymer as well as STHA showed to have a remarkable
effect in the mechanical properties of composites. TEM micrographs showed better
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filler dispersion when surface treatment was applied to HA. Furthermore, STHA
samples displayed an increase in the Young’s modulus and also unfolded yielding.
Yet, the presence of the EA copolymer exhibited a poorer thermal stability. The
crystallinity degree, as well as the crystallization and melting temperatures, showed no
significant variation. Regarding in vitro evaluation, composites with HA and EA
copolymer showed to have better cell-adhesion response compared to those without
copolymer. The results of the STHA composites could be attributed to the electrostatic
interactions taking place between the acrylate groups, in EA copolymers and AA, and
the polar groups of the HA.
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