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Composites based on green high-density polyethylene (G-HDPE) and hydroxyapatite (HA) 
compatibilized with maleic anhydride grafted high-density polyethylene (HDPE-g-MAH) were developed 
in this work. The main objective was to evaluate the effects of HA and HDPE-g-MAH contents on 
the mechanical and thermal properties and hydrolytic degradation of composites through design of 
experiments and statistical analysis, as well as to evaluate the hemolytic stability. Hydroxyapatite 
acts as a reinforcing agent for the G-HDPE matrix while the HDPE-g-MAH acts as a compatibilizing 
agent, improving the dispersion of the HA particles in the polymer matrix and thus increasing the 
mechanical properties. The crystallization temperature and the degree of crystallinity of the polymer 
matrix were increased with the addition of HA, suggesting the filler acts as a heterogeneous nucleating 
agent. Hemolysis tests performed on a composite sample with best mechanical performance did not 
indicate significant hydrolytic degradation, which suggests this composite is a promising material to 
be used in bone tissue engineering, for application in implants and bone grafts.

Keywords: Green Polymers, Green Polyethylene, Hydroxyapatite, Green Polymer Hydroxyapatite 
Composites, Green HDPE and hydroxyapatite composites, HDPE-g-MAH, Design of experiments.

1. Introduction
Composites based on polyethylene (PE) filled with 

hydroxyapatite (HA) have been widely studied for bone 
tissue engineering applications, mainly in implants and 
grafts, as they can mimic the properties of natural bones1-7. 
PE is generally preferred as a matrix in these composites 
due to its chemical stability, good mechanical properties 
and biocompatibility. Other hydroxyapatite-based polymer 
composites have been also developed for biomedical 
applications, mostly in scaffolds8,9.

Hydroxyapatite (HA) is a polar compound of calcium 
phosphate (Ca10(PO4)6(OH)2) and its atoms are spatially 
organized in hexagonal structures10. HA is widely accepted 
as a biocompatible material due to its osteogenic property 
and ability to form strong bonds with bone tissues3,11. 
Due to structural, chemical and mechanical similarities with 

the bones and teeth of humans and animals, hydroxyapatite 
is widely used as a base and coating for orthopedic and 
dental implants12,13.

The studies on PE/HA composites reported in the 
literature have been used a petroleum-derived polymer1-7. 
Nevertheless, the use of new materials and processes to 
develop composite materials with innovative properties or 
with mitigation of environmental impacts is a worldwide 
trend. Thereby, replacement of the traditional polymers, 
synthetized from chemical and petrochemical processes, by 
polymers synthetized from green chemical and green processes 
is a strong tendency14,15. Green polymers have been a recent 
opportunity to develop a new class of polymeric composites 
with environmental responsibility and without compromising 
their properties in relation to traditional composites. 
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Green polymerization principles are one of the worldwide 
strategies to reduce the consumption of hazardous materials 
in chemical applications and have been used to synthesize, 
for example, polymeric membranes16, polymers for electrical 
applications17 and green high-density polyethylene (HDPE) 
reinforced with basalt fiber and agricultural fillers18. The basis 
for synthesizing green polyethylene is green ethylene. Green 
ethylene has been synthesized from ethanol dehydration 
reactions carried out at high temperatures and with specific 
solid catalysts19. This concept has enabled the synthesis of 
high-density polyethylene (HDPE), which can be considered 
a bio-based plastic (bioplastics) and can potentially contribute 
to improving the environmental performance of future 
plastic products20.

Maleic anhydride grafted high density polyethylene 
(HDPE-g-MAH) has been shown to be a good interfacial 
compatibilizer agent for HDPE/HA composites21,22. This is 
due to chemical interactions between the maleic anhydride 
unit and hydroxyapatite polar groups, which produce a strong 
interface during melting processing that helps to disperse 
HA into HDPE matrix. Moreover, maleated PE has been 
successfully used as a compatibilizer agent for other PE 
based composites23,24.

Although the studies on PE/HA composites uncompatibilized 
and compatibilized with maleated polyethylene reported 
in the literature have brought insights into the effects of 
composition on the mechanical performance, a statistical 
analysis approach is still lacking.

In this study, composites based on green high-density 
polyethylene (G-HDPE) as the polymer matrix, hydroxyapatite 
(HA) as the calcium phosphate phase and maleic anhydride 
grafted polyethylene (HDPE-g-MAH) as a compatibilizing 
agent were developed. The main objective was to evaluate the 
effects of hydroxyapatite and compatibilizer contents on the 
mechanical and thermal properties and hydrolytic degradation 
stability of the composites through design of experiments 
(DOE), analysis of variance (ANOVA) and Tuckey test. The 
composition that provided the best mechanical performance 
was then subjected to hemolysis test. From the analysis of 
the mechanical properties obtained by tensile, flexural and 
impact tests, as well as thermal analysis (DSC) and biological 
tests (hydrolytic degradation and hemolysis), it was possible 
to obtain a polymer composite with potential application in 
biological devices.

2. Materials and Methods

2.1. Materials
Green high-density polyethylene (G-HDPE) is a biobased 

grade (SGE 7252) supplied by Braskem company, Brazil. 
The G-HDPE has a melt flow rate (MFR) of 2 g 10 min-1 
(ASTM D1238: 190 oC/2.16 kg) and a density of 0.952 g cm-3 
(ASTM D792). Although this grade is not specific to biomedical 
applications, it served as a proof of concept for the effects 
of composite composition on the studied properties. The 
HDPE-g-MAH is a high-density polyethylene modified with 
maleic anhydride (0.8% to 1.2%) grade (Polybond 3009) 
supplied by Addivant TM company. The HDPE-g-MAH 
has a melt flow rate (MFR) of 5 g 10 min-1 (ASTM D1238: 
190 oC/2.16 kg) and a density of 0.950 g cm-3 (ASTM D792). 

The HDPE and HDPE-g-MAH were cryogenically grounded 
in a CF Bantam Micron Powder Systems mill and then dried 
for 12 h (overnight) in an oven with air circulation at 45 oC.

Hydroxyapatite (HA) was synthesized by the method of 
precipitation in an aqueous medium4, using calcium oxide 
(CaO, 95%, Dinâmica Química Contemporânea Ltda) and 
phosphoric acid (H3PO4, 85%, Dinâmica Química Contemporânea 
Ltda). The Ammonium hydroxide (NH3OH, 28 – 30%, 
Química Moderna Indústria e Comércio Ltda) was used as a 
pH regulator. The precipitate was separated from suspension 
by filtration using a filter paper (Whatman n°1) and vacuum 
pump and then placed in an oven for 24 hours at 100°C for 
drying. After drying, the sample was cooled in a desiccator 
until it reached room temperature and then it was grounded 
using a mortar and agate pestle until it became a powder. 
The dried powder was calcined in a muffle furnace (Logen 
Scientific, LSSX2-4-10NP) with a heating rate of 8 °C min-1 
until 800 °C. The residence time in the oven in this heating 
interval was 2 h.

2.2. Characterization of the hydroxyapatite (HA)
The hydroxyapatite was characterized by X-Ray Diffraction 

(XRD) in a diffractometer (Bruker D8 Advance Eco) with 
copper source (λ = 1,54 nm) and in a range of 2Theta from 
5° to 80°, with a step time of 0.226 seconds and a diffraction 
slit of 0.6 mm. The quantification of crystalline phases 
and crystallite size were performed using the Rietveld and 
Scherrer methods, respectively.

The chemical composition of the hydroxyapatite was 
confirmed by X-ray Fluoresce Spectroscopy (Panalytical, 
Axios Max) and the granulometric studies were performed 
with a Laser Particle Size Analyzer (Laser Difraction - Cilas, 
model 1064).

The morphology of the hydroxyapatite (HA) was assessed 
by SEM using a FEI MAGELLAN 400 L instrument. A 
sample of HA was dispersed in ethyl alcohol (2 vol%) with 
ultrasound, dripped onto a thin aluminum sheet and then 
sputter coated with gold prior to SEM examination.

2.3. Experimental approach
The G-HDPE/HA/HDPE-g-MAH compositions were 

defined using a design of experiments method of central 
composition with two factors (variables) and three central 
points. The hydroxyapatite (HA) and maleic anhydride 
grafted polyethylene (HDPE-g-MAH) contents were 
defined as independent variables, with 5.9 wt% and 34.1 
wt% being the minimum and maximum values. The HA 
content was relative to the total weight of the composite 
and the HDPE-g-MAH content was relative to the weight of 
the hydroxyapatite (HA) in the composite. Thus, according 
to the design of experiments, eleven formulations were 
established for the G-HDPE/HA/HDPE-g-MAH composites 
(Table 1). Neat G-HDPE and G-HDPE/HA (10, 20 and 
30 wt% HA) samples with no compatibilizer were also 
prepared for comparison.

2.4. Melt processing of the G-HDPE/HA/
HDPE-g-MAH composites

G-HDPE, G-HDPE/HA and G-HDPE/HA/HDPE-g-MAH 
samples were prepared in an APV Baker Perkins Equipments 
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and Systems (model MP-19TC) intermeshing co-rotating 
twin-screw extruder (Co-TSE) with a screw diameter 
(D) of 19 mm and length to diameter ratio (L/D) of 25:1. 
The screw configuration used is comprised of two sets of 
staggered kneading paddles in between conveying elements. 
The set upstream contains fourteen forward kneading 
paddles at staggered angles of 30o, 60o and 90o, while the 
set downstream contains eight kneading paddles at stagger 
angles of 60o. The die is comprised of a through hole of 
3 mm diameter and 10 mm length. The barrel temperature 
was set at 200oC and the screw speed at 100 rpm. The 
G-HDPE, HDPE-g-MAH and HA dried powders were 
thoroughly mixed in the desired proportions (Table 1) and 
then introduced into the extruder at a feed rate of 1.5 kg h-1 
using a Brabender feeder. Extruded strands were cooled 
in a water bath immediately after passing through the die 
and then pelletized.

Specimens (type I tensile bars – ASTM D638) were 
injection-molded from the extruded pellets using an 
Arburg Allrounder 270V machine, under the following 
conditions: barrel temperature profile 200°C, 205°C, 
210°C, 215°C and 220°C, mold temperature 40°C, flow 
rate 30 cm3 s-1, holding pressure 250 bar for 7 s and mold 
cooling time 30 s.

2.5. Mechanical testing of the G-HDPE/HA/
HDPE-g-MAH composites

Tensile testing was carried-out according to ASTM 
D638 on injection molded type I specimens in an Instron 
5569 system at a crosshead speed of 50 mm min-1. Flexural 
testing (3-point bending) was carried-out according to 
ASTM D790 on standard bars machined from injection 
molded specimens using an Instron 5569 system at a 
crosshead speed of 1.27 mm min-1. Notched Izod impact 
strength testing was carried-out according to ASTM D256 
on standard bars machined from injection molded specimens 
using a CEAST Resil 25 pendulum-type impact tester with 
2.75 J energy capacity.

Each mechanical test value was calculated from the 
average value of five independent measurements. The 
standard deviations of each value were calculated and are 
shown as error bars in Tables.

2.6. Thermal analysis of the G-HDPE/HA/
HDPE-g-MAH composites

The thermal studies were performed in a differential 
scanning calorimetry (DSC) system (PerkinElmer, DSC 6000). 
The G-HDPE, G-HDPE/HA and all composite formulations 
(Table 1) were analyzed. The crystallization temperature (Tc) 
was obtained from first cooling DSC curves and the melting 
temperature (Tm) and melting enthalpy (ΔHm) were obtained 
from second heating DSC curves. The heating procedure 
was performed with temperature ranging from 30°C to 
200°C with heating rate of 10°C/min; and the cooling was 
performed with temperature ranging from 200°C to 30°C 
with cooling rate of 5°C min-1. A single sample for each 
composite was analyzed. All experiments were carried out 
in a nitrogen atmosphere (20 mL min-1).

The degree of crystallinity (Xc) of the polymer matrix in 
the composites were determined using Equation 1:

( )100% 1
m

C
m

HX
H

∆
=
∆ ⋅ −∅

	 (1)

Where ΔHm is the melting enthalpy of the sample, ΔHm
100% is 

the melting enthalpy for 100% crystalline HDPE (290 J g-1)25 
and ϕ is the weight fraction of hydroxyapatite in the composite.

2.7. Microscopy characterization of the G-HDPE/
HA/HDPE-g-MAH composites

The morphologies of the composites were assessed 
by scanning electron microscopy (SEM) using a FEI 
Inspect S50 instrument operated at an acceleration voltage 
of 10 kV and a magnification of 20000 times. Samples 
(notched Izod impact specimens) were fractured after 
immersion in liquid nitrogen and then sputter-coated with 
gold prior to SEM examination.

2.8. In-vitro biological tests of the G-HDPE/HA/
HDPE-g-MAH composites

In vitro hydrolytic degradation tests were performed 
with all composite formulations (Table  1) to identify 
possible degradations caused by a phosphate-buffered 
saline solution (PBS), which simulates biological systems, 
according to the methodology proposed by Macuvele et al.4. 

Table 1. Design of experiments approach used to structure the experiments and to define the studied formulations.

Sample Compositions G-HDPE 
(wt%) *

HA 
(wt%) *

HA codified 
content

HDPE-g-MAH 
(wt%) **

HDPE-g-MAH 
codified content

1 G-HDPE/HA_10/HDPE-g-MAH_10 89.00 10.00 -1 10.00 -1
2 G-HDPE/HA_30/HDPE-g-MAH_10 67.00 30.00 +1 10.00 -1
3 G-HDPE/HA_10/HDPE-g-MAH_30 87.00 10.00 -1 30.00 +1
4 G-HDPE/HA_30/HDPE-g-MAH_30 61.00 30.00 +1 30.00 +1
5 G-HDPE/HA_34.1/HDPE-g-MAH_20 59.08 34.10 +1.41 20.00 0
6 G-HDPE/HA_5.9/HDPE-g-MAH_20 92.92 5.90 -1.41 20.00 0
7 G-HDPE/HA_20/HDPE-g-MAH_34.1 73.18 20.00 0 34.10 +1.41
8 G-HDPE/HA_20/HDPE-g-MAH_5.9 78.82 20.00 0 5.90 -1.41
9 G-HDPE/HA_20/HDPE-g-MAH_20 76.00 20.00 0 20.00 0
10 G-HDPE/HA_20/HDPE-g-MAH_20 76.00 20.00 0 20.00 0
11 G-HDPE/HA_20/HDPE-g-MAH_20 76.00 20.00 0 20.00 0

* Relative to the total weight of the composite. ** Relative to the weight of the hydroxyapatite (HA) in the composite.
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The PBS solutions were prepared with NaCl (82.0 g L-1) and 
Na2HPO4 (10.5 g L-1). Tests were carried out with cylinder 
shaped samples, with diameter 2.00 mm and height 3.00 
mm, produced with all compositions showed in Table 1. 
The mass of each sample was measured with an analytical 
balance (SHIMADZU, ± 0.01 g) and three samples of each 
composition were placed in individual test tubes containing 
5.00 mL of PBS and kept in an oven at 37ºC, with ambient 
atmosphere. The mass of each sample was measured after 
8, 15, 30, 45, 60 and 90 days of storage times in the oven. 
For these procedures, samples were removed from test tubes 
and stored in a vacuum desiccator for 24 hours and after the 
mass was measured. After these procedures, the samples 
were replaced in the test tubes and in the oven to continue 
the immersion time in the PBS solution.

The hydrolytic degradation percentage (HD%) was 
determined according to the methodology proposed by 
Macuvele et al.5, for all samples and for all immersion times 
in the oven, using Equation 2.

mHD% 100%i
i

m
m

 −
= ⋅  
 

 	 (2)

Where mi is the initial mass and m is the sample mass after 
the immersion in PBS solution and exposition in the oven.

Hemolysis tests were performed according to the methodology 
proposed by Macuvele et al.4 for a composite containing high 
amounts of hydroxyapatite (30 wt%) and HDPE-g-MAH 
(30 wt% relative to HA content) to identify negative effects 
on the blood of humans. The tests were performed in triplicate 
according to the methodology proposed by Macuvele et al.4, 
with human blood collected from a healthy voluntary donor, 
and after approval of the procedures by the ethics committee 
(CAAE 25336119600000116). Samples were immersed in test 
tubes with 2.0 mL of PBS and incubated in an oven at 37º C for 
48 hours. After this time, the PBS solution was replaced by a 
new PBS and blood solution, prepared with 1.5 mL of PBS and 
225 μL of blood diluted 1.25 times in PBS (negative control). 
The positive control was prepared with 1.5 mL of distilled 
water and 225 μL of blood solution diluted 1.25 times in PBS5.

After the incubation time (3 h), the solutions were 
centrifuged at 2000 rpm for 15 minutes and analyzed in an optical 
spectrophotometer (BioSystems, BTS-310) at a wavelength of 
540 nm to determine the hemoglobin concentration released 
in the solution during the period of incubation. Percentage of 
hemolysis (H%) were determined using Equation 3.

CH%  n
n p

C
C C

−
=

−
 	 (3)

Where C is hemoglobin concentration in the sample, Cn is the 
hemoglobin concentration in the negative control and Cp is the 
hemoglobin concentration in the positive control.

The positive control was prepared with the same amount 
of blood diluted in 1.5 mL of water, while the negative control 
was prepared with the same amount of blood in 1.5 mL of PBS4.

3. Results and Discussion

3.1. Hydroxyapatite characterization
Figure 1 shows the X-ray diffractions patterns obtained 

for the synthesized calcium phosphate powder. According 
to the Powder Diffraction Standards (JCPDS-9-432) 
the major X-ray diffractions peaks are associated with 
the Ca5(PO4)3(OH) phase, typical of the hydroxyapatite 
crystalline structure (HA)26-28. The presence of β-tricalcium 
phosphate was identified by the 2θ values in 37.4 and 31.129. 
The HA phase has mean crystallite size of 26 nm, which 
was estimated using the Debye–Scherrer equation29 by the 
highest intensity X-ray peak (211). This value is in accordance 
with the Castro et al.30, that obtained values between 20-40 
nm for the hydroxyapatite crystal sizes. Based on Rietveld 
refinement method, the synthesized product was composed 
of Ca5(PO4)3(OH) (74.5%) and tricalcium β-phosphate (phase 
with 25.5%), with the crystalline structure of hydroxyapatite 
being a hexagonal system, with unit cell lattice parameters 
equal to a = 9.42 Å and c = 6.88 Å.

The chemical composition of the synthesized hydroxyapatite 
was assessed by X-ray fluorescence spectroscopy (XRF), 
showed in Table 2. The major compounds detected were 
calcium (50.14%) and phosphorus (47.87%), associated with 
the calcium phosphate structures of the hydroxyapatite, and 
the Ca/P molar ratio was 1.71. Aluminum, magnesium and 
silicon with lower concentrations were detected and considered 
as impurity, but with tolerate amounts. Thus, the synthesized 
hydroxyapatite can be considered to have good chemical purity.

The particle size distribution of the synthesized 
hydroxyapatite (HA) is shown in Figure 2. A bimodal particle 
size distribution is observed with a small fraction (≈ 6%) 
of particles in the range 0.04 – 0.4 μm and a large fraction 
(≈ 94%) of particles in the range 0.6 – 30 μm.

Figure 1. X-ray diffractogram obtained for the Hydroxyapatite 
(HA) - (JCPDS-9-432).

Table 2. Chemical composition of the synthesized hydroxyapatite performed by X-ray fluorescence spectroscopy (XRF).

Element CaO P2O5 MgO SiO2 Al2O3 Fe2O3 K2O MnO Na2O TiO2

(%) 50.14 47.87 0.59 0.50 0.10 <0.05 <0.05 <0.05 <0.05 <0.05
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The SEM imagens show uniform compact agglomerates 
of hydroxyapatite with primary particle size in the range 
150-250 nm (Figure 3a and Figure 3b). The Figure 3c shows 
details in a particular region (R1) and revels that the agglomerates 
are formed by organized nanostructures with dimensions of 
approximately 20-30 nm, in accordance with similar results 
reported by the scientific literature for agglomerates formed 
by HA nanoparticles with 20-100 nm29-32 and with similar 
methods of precipitation and calcination synthesis33.

3.2. Mechanical properties of G-HDPE/HA/
HDPE-g-MAH composites

Neat G-HDPE, G-HDPE/HA and G-HDPE/HA/HDPE-g-MAH 
composites with different compositions established by the 
design of experiments (Table 1) were characterized in terms of 
tensile, flexural and impact properties. Young modulus, yield 
stress, flexural modulus and notched Izod impact strength data 
are summarized in Table 3.Figure 2. Particle size distribution curve for the Hydroxyapatite (HA).

Figure 3. SEM imagens obtained for the hydroxyapatite (HA): (a) 30.000 times magnification, (b) 170.000 times magnification and 
(c) details of the compact HA agglomerates (R1).

Table 3. Mechanical properties determined for G-HDPE and G-HDPE/HA/HDPE-g-MAH composites with different compositions 
established by the design of experiments (Table 1).

Samples Young modulus 
(GPa)

Yield Stress 
(MPa)

Flexural modulus 
(GPa)

Impact Strength 
(J/m)

G-HDPE 1.16 ± 0.01 20.48 ± 0.37 1.10 ± 0.03 164.5 ± 4.6
G-HDPE/HA 90/10 1.30 ± 0.04 20.88 ± 0.14 1.08 ± 0.05 75.8 ± 1.5
G-HDPE/HA 80/20 1.49 ± 0.17 20.77 ± 0.21 1.21 ± 0.01 112.2 ± 4.2
G-HDPE/HA 70/30 1.78 ± 0.09 20.48 ± 0.41 1.26 ± 0.07 76.1 ± 3.6

G-HDPE/HA_10/HDPE-g-MAH_10 1.39 ± 0.02 21.14 ± 0.10 0.96 ± 0.03 58.4 ± 1.9
G-HDPE/HA_30/HDPE-g-MAH_10 1.75 ± 0.04 23.36 ± 0.77 1.25 ± 0.10 40.1 ± 1.4
G-HDPE/HA_10/HDPE-g-MAH_30 1.36 ± 0.03 22.01 ± 0.32 0.96 ± 0.11 74.8 ± 1.4
G-HDPE/HA_30/HDPE-g-MAH_30 1.74 ± 0.03 25.27 ± 0.24 1.27 ± 0.07 53.0 ± 2.9

G-HDPE/HA_34.1/HDPE-g-MAH_20 1.88 ± 0.06 25.55 ± 0.19 1.38 ± 0.06 44.8 ± 2.8
G-HDPE/HA_5.9/HDPE-g-MAH_20 1.31 ± 0.02 21.64 ± 0.17 0.90 ± 0.05 66.3 ± 1.1
G-HDPE/HA_20/HDPE-g-MAH_34.1 1.64 ± 0.02 23.89 ± 0.21 1.16 ± 0.07 64.5 ± 2.4
G-HDPE/HA_20/HDPE-g-MAH_5.9 1.55 ± 0.03 22.56 ± 0.24 1.18 ± 0.08 43.2 ± 0.8
G-HDPE/HA_20/HDPE-g-MAH_20 1.62 ± 0.02 23.67 ± 0.11 1.15 ± 0.02 52.8 ± 1.7
G-HDPE/HA_20/HDPE-g-MAH_20 1.61 ± 0.03 23.09 ± 0.09 1.12 ± 0.05 53.1 ± 2.2
G-HDPE/HA_20/HDPE-g-MAH_20 1.59 ± 0.01 23.26 ± 0.19 1.19 ± 0.10 53.1 ± 1.3
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Young modulus values of composites are higher than 
the value determined for the neat G-HDPE for all contents 
of hydroxyapatite (HA) and compatibilizer (HDPE-g-MAH) 
used, with the highest values being obtained for the 
composites produced with the highest HA content (Figure 4). 
While the Young modulus of neat G-HDPE is 1.16 GPa, 
the composite with 34.1 wt% of hydroxyapatite showed a 
value of 1.88 GPa, which represents an increase of 62%. 
The increase in the Young modulus is associated with 
the increase in the stiffness of the polymer matrix, thus 
suggesting that the deformation of the G-HDPE matrix 
is restricted by the presence of hydroxyapatite. Statistical 
analyses (ANOVA with p < 0.05; Tukey test) revealed that 
the HDPE-g-MAH content is not significant and only the 
HA content has a significant effect on the Young modulus, 
with a linear relationship and with a good correlation 
coefficient of 0.95 (Equation 4).

( ) ( )E 1.580 0.007 0.190 0.008 HA%= + ⋅  	 (4)

where E is the Young modulus and HA% is the codified 
hydroxyapatite content (Table 1) in the composite.

The reinforcement level for the composites under study 
is expected to be small, since the hydroxyapatite used in this 
work has a small aspect ratio (HA particles are spherical). 
Notwithstanding, the Young modulus values for the composites 
under study are comparable to those reported in other studies 
for a given hydroxyapatite content1,7.

Yield stress values of composites increased with the 
increase in the hydroxyapatite (HA) and HDPE-g-MAH 
contents (Figure  5). Statistical analyses (ANOVA with 
p < 0.05; Tukey test) revealed that hydroxyapatite and 
HDPE-g-MAH contents affect the yield stress, with a 
quadratic relation and with a good correlation coefficient 
of 0.92 (Equation 5).

( ) ( ) ( )
( )2

YS 23.35 0.07 1.38 0,06 HA%  0.58 0,06

MAH% 0.18 0.07)MAH% 0.26 0.09 HA% MAH%(

= + ⋅ + ⋅

− + ⋅ ⋅
	 (5)

where YS is the yield stress, HA% is the codified hydroxyapatite 
content and MAH% is the codified HDPE-g-MAH content 
(Table 1) in the composite.

In the statistical model (Equation 5), linear terms 
have a greater contribution to yield stress values and are 
positive for the effects of the HA and HDPE-g-MAH. 
Furthermore, the positive interaction effect between the HA 
and HDPE-g-MAH contents suggests a synergistic effect 
between these two components. High density polyethylene 
is a nonpolar polymer, so the hydroxyapatite (polar) is 
mechanically anchored in the G-HDPE matrix. The anchoring 
process occurs with the retraction of the polymeric chains 
surrounding the HA clusters during the processing cooling 
step. On the other hand, the addition of the HDPE-g-MAH 
in the composite is expected to improve the dispersion and 
increase the adhesion of the hydroxyapatite particles in the 
G-HDPE matrix, leading to the increase in the yield stress 
values. In a study dedicated to polyolefin/hydroxyapatite 
composites, Albano  et  al.21 showed that when HDPE is 
functionalized with maleic anhydride, the dispersion and 
distribution of hydroxyapatite particles is favored and the 
yield stress increases slightly.

Figure 4. Response surface obtained from Equation 4 for Young 
modulus values and statistically significant variable (HA%).

Figure 5. Response surface obtained from Equation 5 for yield stress 
values and statistically significant variables (HA% and MAH%).

Figure 6. Response surface obtained from Equation 6 for flexural 
modulus values and statistically significant variable (HA%).

Flexural modulus values of composites increased with 
the increase in the hydroxyapatite (HA) content (Figure 6). 
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With concentrations of 30 wt% and 34.1 wt% of hydroxyapatite, 
composites showed a flexural modulus above 1.25 MPa, an 
increase of 12% over neat G-HDPE, which has a flexural 
modulus value of 1.10 MPa. Similar to the results obtained 
with the tensile tests, statistical analyses (ANOVA with 
p < 0.05; Tukey test) reveals that the HDPE-g-MAH content 
is not significant and only the hydroxyapatite content affects 
the values of flexural modulus, with a linear relationship and 
a reasonable correlation coefficient of 0.81 (Equation 6).

( ) ( )EF 1.14 0.01 0.16 0,01 HA%= + ⋅  	 (6)

where EF is the flexural modulus and HA% is the codified 
hydroxyapatite content (Table 1) in the composite.

Notched Izod impact strength values of composites are 
affected by the HA and HDPE-g-MAH contents (Figure 7). 
The increase in the HA content causes a significant decrease 
in the impact strength to values between 40 J/m and 70 J/m, 
while neat G-HDPE shows an impact strength of 164 J/m. 
Differently, the addition of the HDPE-g-MAH increases the 
impact strength even with a high hydroxyapatite content in the 
composite. For the composite with 30 wt% of hydroxyapatite, 
the increase in the HDPE-g-MAH content from 10 wt% 
to 30 wt% increased the impact strength from 40 J/m to 
53 J/m, which represents an increase of 13%. Statistical 
analyses (ANOVA with p < 0.05; Tukey test) revealed that 
the hydroxyapatite and HDPE-g-MAH contents affect the 
impact strength values with a quadratic relation and with a 
good correlation coefficient of 0.95 (Equation 7).

( ) ( ) ( )
( ) 2 2

IS 52.97 0.60 8.83 0,37 HA%  7.44 0,37

MAH% 1.77 0.44 HA%  0.90 0.44) MA( H%

= − ⋅ + ⋅

− ⋅ + ⋅
	 (7)

where IS is the notched Izod impact strength, HA% is the 
codified hydroxyapatite content and MAH% is the codified 
HDPE-g-MAH content (Table 1) in the composite.

The decrease in the impact strength of composites with 
addition of hydroxyapatite is in agreement with the study 
reported by Zhang and Tanner6, which showed a reduction in 
the impact strength of HDPE based composites with increasing 
amounts of hydroxyapatite. The authors attributed this to the 
weak interactions between the hydroxyapatite agglomerates 
and the polymer matrix, which results in the formation of 
voids (organizational failures) and, consequently, in the 
formation of cracks and their propagation during the impact 
test. On the other hand, the addition of the HDPE-g-MAH 
in the composites is expected to improve the dispersion 
and increase the adhesion of the hydroxyapatite phase in 
the G-HDPE matrix, leading to the increase in the impact 
strength values.

3.3. Morphology of G-HDPE/HA/HDPE-g-MAH 
composites

Figure  8a-d shows SEM images of cryo-fractured 
surfaces of some selected composites. In the composites 
without HDPE-g-MAH, the hydroxyapatite appears 
as clusters with sizes between 500 nanometers and 2 
micrometers, which are distributed throughout the G-HDPE 
matrix. When the hydroxyapatite content is increased, 
the size of the clusters does not change significantly, but 
the number of clusters per volume is higher (Figure 8a-b). 

The interface with the G-HDPE matrix is weak, as indicated 
by the voids shown in the region 1 of the Figure  8b. 
The addition of HDPE-g-MAH in the composites significantly 
change the distribution and size of the hydroxyapatite clusters 
throughout the G-HDPE matrix. With the addition of 10 
wt% HDPE-g-MAH, hydroxyapatite clusters with more 
uniform dimensions are formed throughout the polymer 
matrix (Figure  8c). When the HDPE-g-MAH content is 
increased to 30 wt%, the clusters are less compact and 
smaller (Figure 8d), which indicates a better dispersion of 
hydroxyapatite particles in G-HDPE. The reduction in the 
dimensions of the hydroxyapatite clusters and the absence 
of voids at the interface between the agglomerates and the 
polymer matrix are noticeable.

Thus, it is possible to infer that maleic anhydride grafted high 
density polyethylene (HDPE-g-MAH) acts as a compatibilizing 
agent for the composites of G-HDPE and hydroxyapatite (HA) 
developed in this study. This is in agreement with the studies 
performed by Albano et al.21 and Balakrishnan et al.22 who 
suggested that maleic anhydride unit can interact chemically 
with hydroxyapatite polar groups. This produces a strong 
polymer/particle interface that helps to disperse and distribute 
the particles in the polymer matrix during melting processing34.

As shown in the previous section, the effects of addition of 
HDPE-g-MAH are statistically relevant only for the non-elastic 
properties of the composites, namely, yield stress (Figure 5; 
Equation 5) and impact strength (Figure 7; Equation 7). This 
is because these properties are highly dependent on interfacial 
adhesion, as well as the degree of dispersion that dictates 
the interfacial area. So, as HDPE-g-MAH improved the 
dispersion and adhesion of hydroxyapatite in the G-HDPE 
matrix (Figure 8a-d), yield stress and impact strength values 
for the composites were increased with the increase in 
the HDPE-g-MAH content relative to the HA phase. In a 
different way, tensile (Young) and flexural modulus, being 
quasi-elastic properties, are not influenced by interfacial 
adhesion, although they are dependent on interfacial area. 
So, the addition of HDPE-g-MAH did not affect these 
properties, which were influenced only by the hydroxyapatite 
(HA) content (Figures 4 and 6; Equations 4 and 6).

Figure 7. Response surface obtained from Equation 7 for impact 
strength values and statistically significant variables (HA% and MAH%).
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3.4. Thermal characterization
Differential scanning calorimetry (DSC) was used to 

investigate the melting and crystallization of the polymer 
matrix in the G-HDPE/HA/HDPE-g-MAH composites.

Figures  9a  and  9b show, respectively, the thermal 
responses obtained in the cooling and in the second heating 

for some selected composites. From the DSC curves the 
values of the melting temperature (Tm), crystallization 
temperature (Tc) and the respectively melting enthalpy 
(ΔHm) were determined. The degree of crystallinity (Xc) 
was determined using the Equation 1. These values are 
shown in Table 4.

Figure 8. SEM images of some selected G-HDPE/HA and G-HDPE/HA/HDPE-g-MAH composites. (a) G-HDPE with 10 wt% HA, (b) G-HDPE 
with 30 wt% HA, (c) G-HDPE with 30 wt% HA and 10 wt% HDPE-g-MAH, (d) G-HDPE with 30 wt% HA and 30 wt% HDPE-g-MAH.

Figure 9. DSC curves obtained in the (a) first cooling and (b) second heating of the composites: G-HDPE, G-HDPE/HA 90/10, G-HDPE/
HA 70/30, G-HDPE with 30 wt% HA and 10 wt% HDPE-g-MAH and G-HDPE with 30 wt% HA and 30 wt% HDPE-g-MAH.
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The DSC curves showed only one melting transition 
and only one crystallization transition for all compositions 
studied, indicating the addition of hydroxyapatite and 
HDPE-g-MAH does not induce new crystallization phases 
in the G-HDPE matrix polymer. Statistical analyses 
(ANOVA with p < 0.05; Tukey test) showed that melting 
temperature (Tm) values were not significantly changed with 
the addition of hydroxyapatite and HDPE-g-MAH. Differently, 
the hydroxyapatite content influences the crystallization 
temperature (Tc) values, while the HDPE-g-MAH does 
not have influence on this property. The surface responses 
for the crystallization temperature (Tc) and the degree of 
crystallinity (Xc) of the polymer matrix in the composites 
are shown in Figure 10a-b.

The effect of the hydroxyapatite content in the crystallization 
temperature follows a quadratic relation, with a good 
correlation coefficient of 0.91 (Equation 8).

( ) ( ) ( ) 2
CT 119.94 0.06 0.43 0.05 .HA% 0.30 0.06 .HA%= + −  	(8)

Where Tc is crystallization temperature of the polymer matrix 
and HA% is the codified hydroxyapatite content (Table 1) 
in the composite.

The statistical analysis revealed that the degree of 
crystallinity is influenced only by the hydroxyapatite content, 
with no significant influence of the HDPE-g-MAH content. 
A quadratic model was established between the degree of 
crystallinity and the hydroxyapatite content in the composite, 
with a good correlation coefficient of 0.85 (Equation 9).

( ) ( ) ( ) 2
CX 59.87 1.95 6.65 1.64 .HA% 4.51 1.87 .HA%= + −  	 (9)

Where Xc is the degree of crystallinity of the polymer matrix 
and HA% is the codified hydroxyapatite content (Table 1) 
in the composite.

Table 4. Crystallization temperatures (Tc), melting temperatures (Tm) and respective melting enthalpy (ΔHm), determined from DSC for 
G-HDPE, G-HDPE/HA and G-HDPE/HA/HDPE-g-MAH composites with different compositions established by the design of experiments 
(Table 1). Degree of crystallinity (Xc) determined using the Equation 1.

Composition Tc (°C) Tm (°C) ΔHm (J/g) Xc (%)

G-HDPE 118.0 133.0 180 62

G-HDPE/HA 90/10 118.0 132.0 172 66

G-HDPE/HA 80/20 119.0 131.0 188 81

G-HDPE/HA 70/30 119.0 132.0 141 70

G-HDPE/HA_10/HDPE-g-MAH_10 119.0 133.0 137 52

G-HDPE/HA_30/HDPE-g-MAH_10 120.0 133.0 121 59

G-HDPE/HA_10/HDPE-g-MAH_30 119.0 134.0 109 42

G-HDPE/HA_30/HDPE-g-MAH_30 120.0 132.0 133 65

G-HDPE/HA_34.1/HDPE-g-MAH_20 120.0 133.0 114 59

G-HDPE/HA_5.9/HDPE-g-MAH_20 119.0 133.0 119 44

G-HDPE/HA_20/HDPE-g-MAH_34.1 120.0 132.0 144 62

G-HDPE/HA_20/HDPE-g-MAH_5.9 120.0 132.0 153 66

G-HDPE/HA_20/HDPE-g-MAH_20 120.0 133.0 131 57

G-HDPE/HA_20/HDPE-g-MAH_20 120.0 132.0 127 55

G-HDPE/HA_20/HDPE-g-MAH_20 120.0 132.0 142 61

Figure 10. Response surface obtained from Equation 8 and Equation 9. 
(a) Composite crystallization temperature (Tc) values and statistically 
significant variable (HA%) and (b) Degree of crystallinity (Xc) 
values and statistically significant variable (HA%).
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According to the statistical model, the maximum crystallization 
temperature value is 120.7 oC, which corresponds to a 2.3% 
increase in the crystallization temperature as compared to the 
neat G-HDPE (118.0 oC). The increased in the Tc suggests 
that hydroxyapatite act as a heterogeneous nucleating agent 
for the G-HDPE matrix, which corroborates the study by 
Li and Tjong7. The increase in the hydroxyapatite content 
up to 32 wt% increases the degree of crystallinity of the 
polymer matrix, but the effect is negative for higher amounts 
(Figure 10a). According to the statistical model, the maximum 
value of the crystallization degree is 73%, which corresponds 
to a 17% increase in the crystallization degree as compared 
to the neat G-HDPE (Figure 10b). Elastic modulus and yield 
stress values of HDPE are expected to increase with the degree 
of crystallinity. Nevertheless, the individual effect of the 
degree of crystallinity on these properties was not evaluated 
in the manuscript, but the indirect effect due to the different 
hydroxyapatite contents in the composites were accounted for.

3.5. In vitro degradation with PBS
Hydrolytic degradation tests were performed for all 

composite samples (Table 1) and the percentage value of mass 
loss of the samples after immersion in the simulated solution 
was determined, with a negative value indicating a positive 
effect of hydrolytic degradation. In general, there was no 
significant loss of mass (HD% is nearly zero) with time during 
the hydrolytic degradation test of the samples, indicating that 
HA and HDPE-g-MAH do not affect the hydrolytic stability 
of the G-HDPE matrix in the simulated solutions. On the 
other hand, the composites with hydroxyapatite contents 
greater than 20 wt% showed an increase in the mass after 
90 days of immersion. For the composite containing 30 wt% 
hydroxyapatite the increase of the mass was of 8%, while 
the mass for the neat G-HDPE sample without HA showed 
no significant variation (Figure 11). The increase in mass 
may be associated with the formation of sodium crystals or 
calcium phosphate that may originate from the phosphate 
ions of the PBS solution with calcium ions present in the 
composite. In any case, this hypothesis should be evaluated 
in a future study.

3.6. Hemocompatibility
Table 5 shows the hemolysis results obtained for the 

composite containing 30 wt% of HA and 30 wt% (relative 
to the HA content) of HDPE-g-MAH. The values of the 
percentage of hemolysis (%H) are negative for the composite 
and can be consider null, according to the standard ISO 10993. 

Figure 11. Hydrolytic degradation results for the G-HDPE with 34.1 
wt% HA and 20 wt% HDPE-g-MAH after immersion in simulated 
solution (PBS) by different times.

Figure 12. Graphical comparative between of percentage of hemolysis 
for the positive control, negative control and for the G-HDPE with 
30 wt% HA and 30 wt% HDPE-g-MAH.

Table 5. Hemolysis results obtained for the G-HDPE with 30 wt% of hydroxyapatite and 30 wt% of HDPE-g-MAH. Solution of blood 
diluted in PBS and the absorbances values measured in 540 nm wavelength of the absorbance spectrums. Percentage of Hemolysis (%H) 
determined by Equation 3.

Sample Absorbance (540 nm) %H

Positive Control 0.3238 100.0

Negative Control 0.0822 0.0

G-HDPE + HA (30) + HDPE-g-MAH (30) – sample 1 0.0759 -2.6

G-HDPE + HA (30) + HDPE-g-MAH (30) – sample 2 0.0755 -2.8

G-HDPE + HA (30) + HDPE-g-MAH (30) – sample 3 0.0731 -3.8

Figure 12 shows a graphical comparative between the percentage 
of hemolysis for the positive control, negative control and for 
this composite. This test suggests this composite is a promising 
material to be used in bone tissue engineering.
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4. Conclusions
Composites based on green high-density polyethylene 

(G-HDPE) filled with hydroxyapatite particles (HA) 
compatibilized with maleic anhydride grafted polyethylene 
(HDPE-g-MAH) were developed through a design of 
experiments approach. The optimized mechanical, thermal 
and biocompatibility properties suggest the composite is a 
promising material for bone tissue engineering, for application 
in bone implants and grafts.

The interface between the hydroxyapatite phase and 
the G-HDPE matrix was improved with the addition of 
HDPE-g-MAH, which acts as a compatibilizing agent, 
reducing the size of hydroxyapatite clusters and improving 
the distribution in the polymer matrix.

The addition of hydroxyapatite and HDPE-g-MAH did 
not induce new crystalline phases in G-HDPE and the melting 
temperature values were not significantly changed, but the 
hydroxyapatite content had a positive quadratic effect on the 
crystallization temperature and the degree of crystallinity 
of the polymer matrix, with no significant influence of the 
HDPE-g-MAH content.

The stiffness and strength of composites can be modulated 
and optimized by the composition. Increasing the HA content 
leads to an increase in the modulus and yield strength and 
a decrease in impact strength, while the increase in the 
HDPE-g-MAH content increases the yield and impact 
strengths, with negligible influence on the modulus of the 
composites. In general, the composite containing 30 wt% HA 
(relative to the total weight of the composite) and 30 wt% 
HDPE-g-MAH (relative to the weight of HA in the composite) 
showed a better balance of mechanical properties.

Hemolysis test performed on the composite with best 
mechanical performance did not indicate significant hydrolytic 
degradation.
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