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HDPE/hydroxyapatite/zeolite composite – characterization 
and in vitro cytotoxicity
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Abstract: The HDPE/HA/zeolite (65/30/5) composite was obtained by injection molding. Hydroxyapatite 
(HA) was synthetized using microwave technique. FT-IR showed the presence of hydroxyl and phos-
phate functional groups. The structure was studied using X-ray diffraction (XRD), and field emission 
scanning electron microscope (FESEM). The energy dispersive X-ray analysis (EDAX) revealed the pres-
ence of O, Ca, P, C, Na, Cl, and Mg. The composite showed improved tensile strength, compressive 
strength and hardness compared to pure HDPE. In vitro cytotoxicity studies were conducted using L929 
cells line. The tests showed 94% viability and 6% toxicity of cells.
Keywords: HA, zeolite, HDPE, L929 cells, cytotoxicity.

Kompozyt HDPE/hydroksyapatyt/zeolit – charakterystyka i cytotoksyczność 
in vitro 
Streszczenie: Metodą formowania wtryskowego otrzymano kompozyt HDPE/HA/zeolit (65/30/5). Hy-
droksyapatyt (HA) otrzymano techniką mikrofalową. Badania FT-IR wykazały obecność grup funkcyj-
nych hydroksylowych i fosforanowych. Strukturę badano za pomocą dyfrakcji rentgenowskiej (XRD) 
i skaningowego mikroskopu elektronowego z emisją polową (FESEM). Analiza rentgenowska z dysper-
sją energii (EDAX) wykazała obecność O, Ca, P, C, Na, Cl i Mg. Kompozyt wykazał większą wytrzyma-
łość na rozciąganie, wytrzymałość na ściskanie i twardość w porównaniu z czystym HDPE. Badania 
cytotoksyczności in vitro przeprowadzono przy użyciu linii komórkowej L929. Testy wykazały 94% ży-
wotności i 6% toksyczności komórek.
Słowa kluczowe: HA, zeolit, HDPE, komórki L929, cytotoksyczność.

Metals and alloys are usually used in bone implants 
because they have suitable mechanical properties and 
load-bearing capacity. Implants with high modulus cause 
stress shielding and there is also a serious risk that they 
may leak toxic ions into the environment. To solve this 
problem and improve bone properties such as osteo-
induction and osteoconduction, the metal surface of 
implants is coated with various materials [1–5]. The most 
common coating materials are hydroxyapatite (HA) and 
calcium phosphate. Hydroxyapatite is studied in detail 
as a coating material for metal implants because it con-
tains bone-like elements such as Li+, K+, Na+, Mg2+, Sr2+, 
Zn2+, etc. [6–10]. Among several minerals studied, a sub-
stitute for hydroxyapatite for zinc and magnesium has 

been obtained using microwave irradiation technique 
and investigated [11–14]. Zinc (Zn) is a key metal that 
has been implicated in the study of biochemistry in bone 
tissue engineering. It appears to be the most abundant 
trace metal element discovered in bone and a potential 
candidate for bone formation stimulator [15].

It was believed that acclimation of Zn to HA-coated 
grafts could stimulate bone formation around the mate-
rial [16]. The essential trace element Zn has a stimulat-
ing effect on bone metabolism in the human body [17]. In 
addition, Zn is considered as a potential substitute due to 
its biological importance [18]. Current research is focused 
on improving properties of hydroxyapatite by adding 
magnesium (Mg) and zinc (Zn) to its structure, because 
these elements are essential for the early stages of osteo-
genesis and have a stimulating effect on bone metabolism 
[19]. Furthermore, zeolite was added to improve the bio-
logical properties due to its porous nature. In addition to 
metals and ceramics, polymers are used as bone substi-
tutes. Both natural and synthetic polymeric materials are 
widely used in bone tissue engineering. To date, many 
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polymers have been identified as scaffolds for bone regen-
eration, including polylactic acid (PLA), polyglycolic acid 
(PGA), polycaprolactone (PCL), and polymethyl methac-
rylate (PMMA). Polyethylene (PE) is a promising material 
due to its high strength, flexibility, cost-effectiveness, and 
biocompatibility [20]. Furthermore, high-density poly-
ethylene-hydroxyapatite composites have been used as 
a bone substitute material in clinical applications, includ-
ing orbital floor prostheses and middle ear implants [21-
25]. This combination represents the lower limit for corti-
cal bone, as it has the high stiffness, brittleness, and low 
mechanical properties of hydroxyapatite and the low 
modulus combined with the strength of high-density 
polyethylene (HDPE). To date, reinforced HA composites 
have been obtained using a variety of materials [26, 27].

Zeolites are promising minerals due to their high com-
patibility with hydroxyapatite and their unique proper-
ties. Therefore, the combination of HA and zeolite is 
expected to improve the properties of HDPE. The reason 
for choosing the matrix and reinforcements is calcium-
rich compounds, which are readily available in human 
bones, have high intermolecular strength, high tensile 
strength, and high specific strength. The main objec-
tive of this study was to develop novel HA/zeolite/HDPE 
composites and conduct an in vitro study of their struc-
ture and functional properties. The composites obtained 
by injection molding [20] were subjected to comprehen-
sive analysis in terms of structure, mechanical, thermal, 
and biological properties.

EXPERIMENTAL PART

Materials

HDPE (Sun Polymers, Coimbatore, India) with a density 
of 0.954 g/cm³ and thermal conductivity of 0.29 W/mk was 
used as the matrix. HA was synthesized by microwave 
irradiation according to the procedure published else-
where [20, 26]. Briefly, disodium hydrogen phosphate, cal-
cium nitrate tetrahydrate and ethylenediaminetetraacetic 
acid were used to obtain HA, maintaining the calcium to 
phosphorus ratio at 1.67 [27]. Zeolite with a bulk density of 
0.8 g/cm³ was purchased from Sigma-Aldrich. The chemi-
cals used in this study are listed in Table 1.

Composite preparation

The HDPE composite (65 wt%) with the addition of 
HA (30 wt%) and zeolite (5 wt%) was obtained using an 
injection molding machine, maintaining a temperature of 
135°C and a pressure of 50 bar.

Methods

Fourier infrared spectroscopy (FT-IR) analysis was per-
formed by using a Bruker Alpha spectrometer (Billerica, 
MA, USA), the spectra were recorded using at least 
64 scans with 2 cm-1 resolution, in the spectral range 
4000–500 cm-1, using KBr pellets technique with ZnSe for 
humidity control. X-ray diffraction (XRD) measurements 
were performed on the Bruker diffractometer (Billerica, 
MA, USA) using Cu K radiation (1.54 °A) with 50 kV and 
40 mA. The crystallites size was calculated using the 
Debye–Scherrer equation (1).

 D = Kλ/βcosθ (1)

where: D – mean grain size, K – dimensionless shape 
factor (0.92), λ – X-ray wavelength (1.5418 Å), β – the line 
broadening at half the maximum intensity (0.174533 rad), 
θ – Bragg angle (11.5°).

The morphology and elemental composition of 
the samples were studied using FESEM (Carl Zeiss, 
Oberkochen, Germany) operated at an accelerating volt-
age of 20 kV equipped with EDAX. Differential scanning 
calorimetry (DSC) analysis was performed using a TA 
TG/DTA-Exstar/6300 (Seiko, Chiba, Japan) in a nitrogen 
atmosphere at a flow rate of 50 mL/min. The scanning 
temperature range was 28 to 200°C at a heating rate of 
20°C/min. Tensile properties and compressive strength 
were evaluated using a UTM machine according to 
ASTM D D638 and ASTM D790, respectively. 

Cytotoxicity

Samples after sterilization were preserved in 1X phos-
phate buffer brine (PBB) for 24 h at 37°C. New medium 
was used instead of MG63 cells. The cells were supple-
mented with SS HDPE liquid extract in triplicate, in five 

T a b l e 1. Chemicals used

Name Purpose
Disodium hydrogen phosphate

Hydroxyapatite (HA) preparation using calcium apatite with the formula 
Ca5(PO4)3(OH), commonly represented as Ca10(PO4)6(OH)2 

Calcium nitrate tetrahydrate
Ethylenediaminetetraacetic acid
Phosphate buffer brine A buffer solution (pH ca. 7.4) is used for biological research

MTT assay (1 Mg/Ml) This technique is used for assessing the metabolic activity of cells as a sign of 
their cytotoxicity, proliferation, and viability

Organ sulfur or dimethyl sulfoxide (DMSO) Utilized as a penetrating medium for different medications, to treat interstitial 
cystitis, and to cryopreserve stem cells.

Agar solution For microbiological analysis
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different volumes. After 18 h of incubation at 37±1°C, 
the wells were filled with MTT assay (1 mg/mL) and left 
to incubate for 4 h. After incubation, a small amount of 
organic sulfur in dimethyl sulfoxide (DMSO) was added 
to each well, and then a photometer was used to measure 
sulfur cytotoxicity at 570 nm. The cytotoxicity score (%) 
was calculated according to equation 2, and cell viability 
was calculated according to equation 3:

 Cytotoxicity = [(Control-Treated)/Control] × 100% (2)

 Cell viability = (Treated/Control) × 100% (3)

The results were used to calculate cell viability and 
cytotoxicity [23, 24]. According to ISO 10993:5, the cyto-
toxicity of the HDPE/HA/zeolite composite (65/30/5) was 
assessed on L929 cells after 24 h. 

RESULTS AND DISCUSSIONS 

FT-IR analysis

FT-IR spectrum of the synthetized HA is shown in 
Figure 1a. The characteristic sharp band at 1051 cm-1 cor-

responds to the stretching vibrations of phosphate groups 
[28]. The bands at 613 cm-1 and 563 cm-1 refer to bending 
mode of P–O bonds in phosphate group [29]. Similarly, the 
weak peak at 1098 cm-1 indicates the symmetric stretch-
ing vibrations related to the P–O mode, confirming the 
presence of PO4

-3 group in the synthetized HA. The small 
peaks observed at 3658 cm-1 and 3584 cm-1 are due to O-H 
stretching vibrations in HA. Moreover, the weak peaks at 
1426 cm-1 and 877 cm-1 are assigned to the carbonate group 
and clearly indicate the presence of carbonates in HA. 
Therefore, the obtained FT-IR spectrum confirmed the for-
mation of HA nanoparticles, and no other impurities were 
identified [30–33]. FT-IR spectrum of zeolite is presented in 
Fig. 1b. In the hydroxyl region (4000–3000 cm−1), the spec-
trum of zeolite showed a distinct peak at 3305 cm−1, corre-
sponding to the deformation vibrations of absorbed water. 
A weak peak at 1615 cm−1 is also related to OH stretching 
and deformation vibrations of adsorbed water. Other bands 
were observed at 902 cm-1 and 618 cm-1. These bands can be 
attributed to the overlap of the asymmetric vibrations of 
Si-O (bridged) and Si–O– (non-bridged) bonds. The FT-IR 
spectrum of the HDPE/HA/zeolite composite shows char-
acteristic peaks originating from HA and zeolite, but they 
differ in intensity and some of them are shifted (Fig. 1d).

Fig. 1. FT-IR spectra: a) HA, b) zeolite, c) HDPE, d) HDPE/HA/zeolite composite
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XRD analysis

The XRD patterns of HDPE, HA, zeolite, and 
HDPE/HA/zeolite (65/30/5) composite is shown in Fig. 2. 
The crystal plane orientations of the composite were 
found to be (131), (110), (200), (211), (202), (212), (222), and 
(044). The peaks caused by the zeolite reinforcement 
match well with the JCPDS card number 39–1380 [27, 34]. 
The peak at (110) is due to the orthorhombic crystal nature 
of polyethylene particles [35]. If the addition of HA and 
zeolite does not significantly disrupt the crystal structure 
of HDPE, the intensity of the “110 plane” peak will not 
decrease. If the concentration of HA and zeolite in the 
HDPE matrix is low, their effect on the overall crystallin-
ity of HDPE may be negligible. This may happen if the 
additives are well dispersed in HDPE matrix and do not 
interfere with the crystallization of HDPE [36].

FESEM and EDAX analysis

The surface morphology of hydroxyapatite and HDPE/
HA/zeolite composite were studied using FESEM, as 
shown in Fig. 3. FESEM images provide direct infor-
mation on the shape and size of the synthesized HA. 

Fig. 3a shows the cubic morphology of the crystalline 
HA sample. Hydroxyapatite is a calcium phosphate 
compound with the chemical formula Ca10(PO4)6(OH)2. 
Moreover, it is known to crystallize in the hexagonal 
system (hexagonal symmetry). The unit cell has a hex-
agonal basis and is described by the lattice parameter 
of the basal plane (a) and the hexagonal prism. The par-
ticles resemble a tubular short wire, which was irregu-
larly distributed with nanoparticles. Higher temperature 
interrupted the Ostwald ripening and capillary force 
and induced nucleation along the c-axis to form nano-
tubes [37]. Hydroxyapatite particles are usually hexag-
onal rod-like structures [38], which are consistent with 
the XRD data. Although FESEM cannot independently 
confirm the crystal structure, it suggests a morphology 
consistent with a hexagonal crystal system. The interfa-
cial bonds between the matrix and the reinforcements 
are clearly visible. A similar crystallographic structure 
was also obtained for polyethylene/seashells composite 
[39, 40]. The FESEM image of the HDPE/HA/zeolite com-
posite is shown in Fig. 3b. The hexagonal structures in 
the polymer matrix indicate the presence of HA particles 
[41]. The clean, smooth surface on the bottom of the rein-
forcement is derived from the HDPE polymer matrix [42]. 

Fig. 2. XRD patterns: a) HA, b) zeolite, c) HDPE, d) HDPE/HA/zeolite composite
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EDAX pattern indicates the presence of O (63.88%), Ca 
(15.95%), P (7.45%), C (9.68%), Na (2.12%), Cl (0.76%), and 
Mg (0.17%). Oxygen and calcium are among the major ele-
ments in hydroxyapatite particles [43], while magnesium 
and sodium occur in trace amounts [44].

DSC analysis

Figure 4 shows DSC curve of HDPE/HA/zeolite com-
posite. The melting temperature of the composite is 
132.3°C and the energy absorption is 96.07 J/g. The results 
reflect the endothermic behavior of the material during 
heat absorption [23, 45]. In the case of endothermic pro-
cesses, an increased heat flow per unit mass means that 
the sample requires more energy to undergo a phase 
change. In the case of exothermic processes, this means 
a greater energy release. In this analysis, a higher energy 
requirement to undergo a phase change may also indicate 
a sample with a more defined phase change or a higher 
concentration of the active ingredient, such as 5 wt% zeo-
lite and 30 wt% HA [25, 46].

Mechanical properties

It is known that the addition of HA and zeolite increases 
the tensile strength of the material [47, 48–50]. Figure 6 shows 
the stress-strain curves of pure HDPE and HDPE/HA/zeo-
lite (65/30/5) composite. It is clear from Fig. 5 that the addi-
tion of HA and zeolite to HDPE reduces the elongation at 
break while increasing the tensile strength from 16.3 MPa 
to 21.4 MPa. Moreover, the compressive strength and hard-
ness increased from 22.5 MPa to 24.7 MPa and from 53.1 to 
61 ShD, respectively (Table 2). The observed change in ten-
sile strength is due to the use of zeolite [51]. Hydroxyapatite 
also increases tensile strength [52]. The increase in tensile 
strength may indicate a synergistic effect resulting from 
the simultaneous use of zeolite and hydroxyapatite. It is 
accepted that at high HA content, it agglomerates, restricting 
the molecular mobility of HDPE under stress and increas-
ing the probability of composite failure due to external 
stresses. Well-dispersed fillers with good adhesion to the 

HDPE matrix increase tensile strength of the composite. HA 
and zeolite can provide reinforcement, especially if they are 
uniformly dispersed and have strong filler-polymer inter-
actions. Furthermore, the dysfunctional interfacial interac-
tion between HA and the HDPE matrix increased the forma-
tion of voids in these composites, which resulted in a poor 
tensile stress distribution at the filler-matrix interface. As 
a result, the tensile strength decreased with increasing HA 
filler loading. This observation is consistent with the results 
reported in other studies [48–50]. Filling the polymer matrix 
with more than one filler has been reported to increase the 
tensile strength [53]. Filler-polymer interactions in HDPE/
HA/zeolite composites are primarily physical, involving 
mechanical interlocking and potentially van der Waals 
forces. Chemical interactions are limited due to the nonpo-
lar nature of HDPE unless the filler is modified. These inter-
actions significantly affect the mechanical properties of the 
composite and are crucial to achieving the desired proper-
ties, and often involve resolving issues related to filler dis-
persion and interfacial adhesion.

Biocompatibility

Biocompatibility studies were conducted to verify the 
compatibility of the implant with human use and to check 
whether the use of the implant could have potentially 

Fig. 3. FESEM images: a) HA, b) HDPE/HA/zeolite composite
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harmful physiological effects. In vitro and in vivo studies 
were conducted for various medical devices, biomateri-
als and related products to detect the presence of toxic or 
other harmful effects. The studies conducted confirmed 
the biocompatibility of the HDPE/HA/zeolite composite 
and the results obtained are consistent with other litera-
ture reports [55]. The hybrid effect of HA and zeolite may 
result in improved mechanical properties by combining 
stiffness and strength of HA with strength and barrier 
properties of zeolite. This combination improves bioac-
tivity compared to the use of a single filler. The syner-
gistic interactions between HA and zeolite in the HDPE 
matrix resulted in better composite properties.

Direct in vitro cytotoxicity 

Direct in vitro cytotoxicity studies the harmfulness of 
cells cultured in the presence of an object in the same 

liquid medium without a barrier. The first and most 
important step in deciding whether to continue clinical 
use of a health-related product is cytotoxicity testing. ISO 
regulations recommend the use of uniform settings for 
cytotoxicity testing. Recently, several cases of blindness 
after simple retinal detachment surgery with PFO have 
been reported in Chile, Spain, and other countries. This 
suggests that some manufacturers’ cytotoxicity results of 
are clinically used, PFO batches are insufficient. Most of 
these cases have been linked to toxic PFO batches used 
during procedures, according to the investigation. The 
procedures used to certify PFO before clinical use were 
unable to detect toxicity. Cellular toxicity was studied 
using two commonly used techniques: extract dilution 
and indirect contact, which uses PFO samples that are 
not in contact with cells [55]. In addition, the L929 cell 
line, which is commonly used to generate mouse fibro-
blasts but is more resistant to the toxicity of specific test 
compounds [56], was used in the study. The cytotoxicity 
and cell viability ratio of the HDPE/HA/zeolite (65/30/5) 
composite was calculated for different volumes of the 
extract using the direct cytotoxicity method. The calcu-
lated cytotoxicity reached 6% with a cell viability of 94%, 
resulting in a slight reactivity.

The HDPE/HA/zeolite composite showed little cyto-
toxic reactivity towards L929 cells after 24 h. Figure 6 
shows the cell morphology of L929 cell line. The images 
revealed live and dead cells. The number of live cells is 
higher than the number of dead cells. This proves that 
biomaterial is useful in tissue engineering applications.

CONCLUSIONS

The HDPE/HA/zeolite (65/30/5) composite was obtained 
by injection molding. Hydroxyapatite was successfully 
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T a b l e 2. Mechanical properties of pure HDPE and HDPE/HA/zeolite composite

Sample Tensile strength 
MPa

Compressive strength 
MPa Shore hardness

Pure HDPE 16.3±0.5 22.5±0.5 53.1±0.5

HDPE/HA/zeolite 21.4±0.5 24.7±0.5 61.0±0.5

Fig. 6. Cell morphology of L929 cells: a) control, b) HDPE/HA/zeolite composite
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synthetized using microwave irradiation method. FT-IR 
showed the presence of hydroxyl and phosphate func-
tional groups. The crystal plane orientations such as (131), 
(110), (200), (211), (202), (212), (222), and (044) were deter-
mined by XRD, and the nanocrystallite size was deter-
mined to be 8.3 nm using the Debye–Scherrer equation. 
FESEM revealed the cubic morphology of HA. EDAX 
analysis showed the presence of O, Ca, P, C, Na, Cl and 
Mg. DSC demonstrated that the melting point of the com-
posite was higher than the melting point of pure HDPE. 
Moreover, the composite had improved tensile strength, 
compressive strength, and hardness. In vitro cytotoxic-
ity studies were conducted using L929 cell line. The tests 
showed 94% viability and 6% toxicity of cells. The results 
showed that the HDPE/HA/zeolite composite is a promis-
ing candidate for medical applications, e.g., in implants.
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