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A B S T R A C T   

In this study, polymer-ceramic nanocomposites and/or composites were prepared by solution removal method 
using poly(methylmethacrylat) (PMMA) and nano-hydroxyapatite (nHA). They were characterized using X-ray 
diffraction (XRD), Fourier transform infrared-attenuated total reflection spectroscopy (FTIR-ATR), and differ
ential thermal analysis/thermogravimetry (DTA/TG). Their effects and biocompatibilities on antioxidant en
zymes were also investigated in detail. It has been shown that nHA was dramatically dispersed at nanoscale in 
the polymer matrix. The interaction occurred between –OH groups of nHA and carbonyl groups of polymer and 
introduction of ceramic into the polymer matrix generally resulted in an increase in thermal stability. Nano
composites and composites had different effects on enzyme activities. Samples synthesized in acetone increased 
enzyme activities for glutathione reductase (GR) and glucose-6 phosphate dehydrogenase (G6PD) enzymes, 
while inhibiting glutathione peroxidase (GPx) and catalase (CAT) enzyme activities. On the other hand, samples 
synthesized in tetrahydrofuran (THF) exhibited inhibitory behavior for G6PD and CAT enzymes. The samples 
synthesized in different media did not show any regularity on enzyme activities. The nanocomposites and/or 
composites prepared in acetone media were better hemocompatible than those in THF.   

1. Introduction 

As can be clearly seen, studies are accelerating constantly on the 
development of new technological biomaterials that can adapt when 
interacting with the biological systems for the treatment of hard and soft 
tissue damages caused by accidents. Biomaterials commonly used for 
this purpose are divided into four main groups: metals, ceramics, poly
mers and composites. Each material has its own application area. 
However, these materials have some disadvantages due to their intrinsic 
structural features such as being fragile and corrosive, difficulties in 
processing, slow degradation rates, and reaction products being toxic. 
Ceramic based biomaterials are the most widely preferred materials 
because they are biologically active. Bone is a natural composite mate
rial in which the collagen fibers pass through hydroxyapatite. Inorganic 
calcium phosphate based hydroxyapatite, which makes up 70 % of bone 
tissue by weight, is a bioceramic material used in medicine and 
dentistry. It is also used for making various prostheses as artificial bone, 
repairing cracked and broken bones, and coating metallic biomaterials 
due to its biocompatibility. However, due to its hardness, fragility and 

poor mechanical properties, its use alone in implant materials is quite 
limited. Some weak properties of hydroxyapatite can be improved with 
the help of nanocomposites prepared using biocompatible polymers 
[1–3]. 

In the literature, there are studies on the synthesis of nanocomposites 
of hydroxyapatite with different polymers. Zhang et al. (2020) prepared 
polyuria/hydroxyapatite nanocomposites by in-situ polymerization of 
polycarbodimide modified diphenylmethane diisocyanate, and investi
gated mechanical, thermal, and biocompatibility properties of nano
composites [4]. Zhou et al. (2019) were firstly synthesized PVA-GMA 
and subsequently photocrosslinked PVA-GMA/Hap nanocomposite 
hydrogels. They investigated the effects of the Hap on the gel-formation, 
gel microstructures, and mechanical properties of the nano-composite 
hydrogels and also in vitro evaluated the cell adhesion of nano
composite hydrogels as articular cartilage replacements by using mouse 
fibroblasts (L929) as a model cell line [5]. Banerjee et al. (2018) pre
pared antimicrobial and biocompatible fluorescent 
hydroxyapatite-chitosan nanocomposite films for biomedical applica
tion and characterized by UV/Visible spectroscopy, X-ray diffraction, 
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Fourier transform infrared spectroscopy, photoluminiscence spectros
copy and Field emission scanning electron microscopy [6]. Shirali et al. 
(2017) used to a combination of elastic poly(butylene 
succinate-co-ethylene terephthalate) and rigid nano-hydroxyapatite to 
prepare an in-situ synthesized nanocomposite mimicing bone structure. 
They investigated the microstructure, morphology, and dispersion of 
nanoparticles in the nanocomposites using proton nuclear magnetic 
resonance, scanning electron microscopy, and transmission electron 
microscopy [7]. 

Poly(methylmethacrylate) PMMA, one of the polymers used as a 
matrix in nanocomposites and/or composites, is known as a biocom
patible polymer. In the literature, there are also different studies on 
PMMA/hydroxyapatite nanocomposite and/or composites. Wijesinghe 
et al. (2019) synthesized a hydroxyapatite/poly(methylmethacrylate) 
nanocomposite by a novel, simple and industrially applicable method 
using dolomite and found that HA in the synthesized PMMA nano
composite was 30 nm in size and had a spherical morphology with 84 % 
yield [8]. Tihan et al. (2009) studied effect of hydrophilic-hydrophobic 
balance on biocompatibility of (PMMA)-HA composites [9]. Zhang et al. 
(2008) characterized hydroxyapatite/PMMA nanocomposites for pro
visional dental implant restoration and studied human gingival fibro
blasts biocompatibility [10]. In our previous studies, we investigated 
hemocompatibility, cytotoxicity, and genotoxicity of poly(methyl
methacrylate)/nanohydroxyapatite nanocomposites synthesized by 
melt blending method [2] and some biological properties of 
PMMA/modified-nanohydroxyapatite nanocomposites [1]. 

According to the best of our knowledge, there is no study in the 
literature on the interaction of these materials with antioxidant stress 
enzymes. Therefore, the main purposes of this study were to synthesize 
PMMA/nHA nanocomposites and/or composites according to the sol
vent removal method and first time to investigate how they affect as 
inhibitor or activator the antioxidant enzyme activities such as gluta
thione peroxidase (GPx), glutathione reductase (GR), glutathione-s- 
transferase (GST), glucose-6 phosphate dehydrogenase (G6PD), cata
lase (CAT) and superoxide dismutase (SOD) in the human body by in 
vitro experiments. Synthesized samples were characterized using X-ray 
diffraction (XRD), Fourier transform infrared-attenuated total reflection 
spectroscopy (FTIR-ATR), and differential thermal analysis/thermog
ravimetry (DTA/TG). Finally, the interactions of the bionanocomposites 
with the antioxidant enzymes were investigated in detail. With this 
study, the inhibitory and/or activator effects of nanocomposites and/or 
composites on each antioxidant enzyme were revealed and discussed. 
Also, the reactions between the action mechanisms of these enzymes 
were investigated. 

2. Material and method 

2.1. Material 

The chemicals used in the study were purchased from Merck and 
Sigma. They were analytical grade and used without further purifica
tion. Enzyme activities were measured using PerkinElmer Lambda 25 
UV–vis spectrophotometer. 

2.2. Methods 

2.2.1. Hemolysate preparation 
Venous blood was taken with sterile citrated tubes from healthy 

young individuals in the age range of 17–22 for erythrocyte antioxidant 
enzyme activity measurements. After the bloods were transferred to 
eppendorf tubes, it was first centrifuged at +4 ◦C for 15 min at 
2500 rpm. The plasma remaining in the upper part was carefully dis
carded. The remaining part was washed out three times at 2500 rpm for 
5 min at +4 ◦C with 0.16 M KCl, diluted 1/5 with cold pure water, 
centrifuged at 10,000 rpm for 30 min at +4 ◦C and erythrocytes were 
disintegrated [11]. 

The sample obtained was divided into two parts. The first part was 
used for control purposes in enzyme activities. About 5 × 5 mm in size 
(about 0.0022 g) cut nanocomposite and/or composite samples were 
added to the second part and waited for 1 h. Then, this mixture was 
centrifuged at 10,000 rpm for 30 min. The enzyme activities were 
measured and compared to the control group. All experiments were 
performed in three times. Standard deviations were calculated and given 
in tables and figures. 

2.2.2. Nanocomposite synthesis 
Solvent selection is an important parameter in the preparation of 

nanocomposites. In this study, a suitable solvent was chosen for each 
system (polymer + ceramic + solvent) in which the filler was completely 
dispersed and the polymer was completely dissolved. The ceramic and 
polymer were placed in reaction vessels separately in the appropriate 
solvent and mixed for 2 h at room temperature on a magnetic stirrer. The 
ceramic-solvent suspension was kept in the ultrasonic bath for 20 min. 
The polymer solution and ceramic suspension were combined and mixed 
on a magnetic stirrer for 24 h. Samples were taken into Petri dishes and 
their solvents were removed in an oven at 50 ◦C [12]. 

2.3. Characterization of nanocomposites 

2.3.1. X-ray diffraction (XRD) 
XRD pattern of the samples were taken using an Analytical Philips 

X’Pert-Pro X-ray diffractometer equipped with a back monochromator 
operating at 40 kV and a copper cathode as the X-ray source (λ =1.54 Å). 

2.3.2. FTIR-ATR analysis 
FTIR-ATR spectra of the samples were taken using PerkinElmer 

Spectrum 100 model Fourier transform infrared spectroscopy in the 
wavenumber range of 600–4000 cm− 1. 

2.3.3. Thermogravimetric analysis (DTA/TG) 
Thermal properties of PMMA/HA nanocomposites were examined 

under N2 atmosphere using PerkinElmer Diamod DTA/TG thermal 
analyzer in the temperature range of 25− 600 ◦C. 

2.4. Determination of antioxidant enzyme activities 

2.4.1. Measurement of G6PD enzyme activity 
G6PD enzyme activity was spectrophotometrically measured as a 

result of the absorption increase of NADPH formed at the end of the 
reaction at 340 nm wavelength. Except for G6P, all chemicals given in 
Table 1 were incubated at 37 ◦C for 10 min. Then, 300 μL of G6P was 
added to the sample and reference cuvette and the absorbance was 
recorded at 340 nm for 2 min. One enzyme unit was defined as the 
enzyme amount reducing 1 μmol NADP+ per minute [13]. 

2.4.2. Measurement of GPx enzyme activity 
Oxidation of GSH to GSSG occurs in the presence of t-butylhy

droperoxide with GPx. The method is based on the principle that the 
difference in the absorbance value at 340 nm of NADPH oxidized to 
NADP in response to the reduction of GSH by GR enzyme to GSH is 
measured against time. GPx activity was measured using the contents 
given in Table 1. After adding of all chemicals into sample and reference 
cuvette, they were allowed to incubate at 37 ◦C for 10 min. Then, t- 
butylhydroperoxide was added into the sample cuvette and the activity 
against the reference was measured. One unit of GPx represented 1 μg 
GSH utilized per minute [14]. 

2.4.3. Measurement of GR enzyme activity 
GR catalyzes the reduction of GSSG to GSH by NADPH. The enzyme 

activity was determined by measuring the absorbance difference of the 
NAD(P)H oxidized during the reaction at a wavelength of 340 nm at 
37 ◦C. GR activity was measured using the contents given in Table 1. One 
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unit of GR was defined as the quantity of NADPH consumed per minute, 
which catalyzed the reduction of 1 mM of GSSG [13]. 

2.4.4. Measurement of GST enzyme activity 
GST catalyzes the reaction between 1-chloro-2,4-dinitrobenzene 

(CDNB) and the glutathione-SH group. Enzyme activity was deter
mined by measuring the amount of enzyme catalyzing 1 μmol of S-2,4- 
dinitrophenylglutathione formed per min at 340 nm and 37 ◦C using 
GSH and CDNB. GST activity was measured using the contents given in 
Table 1 [14]. 

2.4.5. Measurement of CAT enzyme activity 
CAT catalyzes the destruction of water and molecular oxygen by 

H2O2. The degradation rate of the enzyme at 240 nm was spectropho
tometrically measured by utilizing the light absorptivity of H2O2. CAT 
activity was measured using the content given in Table 1. After adding of 
the chemicals into the reference and sample cuvette, activity against the 
reference was measured for 5 min at 240 nm and the decrease in 
absorbance was recorded at 1 min intervals. One unit of CAT repre
sented the amount of enzyme that decomposes 1 μmol of H2O2 per 
minute [15]. 

2.4.6. Measurement of SOD enzyme activity 
SOD enzyme accelerates the dismutation of toxic superoxide radicals 

to hydrogen peroxide and molecular oxygen (O2), which are formed 
during the production of oxidative energy. In the method, superoxide 
radicals which react with 2-[4-iodophenyl]-3-[4-nitrophenol]-5-phenyl
tetrazolium chloride (INT) and form a red colored spray pigment, are 
produced using xanthine and xanthine oxidase (XOD). The enzyme ac
tivity measurement was based on the inhibition of the reaction by SOD 
enzyme at 505 nm in the medium. SOD activity was measured using the 
contents given in Table 1 [16,17]. 

2.5. Hemocompatibility test 

The hemocompatibility test of polymer and biomaterial was spec
trophotometrically determined. Human blood (2 mL) was taken into 
tubes with citrate to avoid coagulation. Anticoagulated blood was 
diluted 1/5 with saline solution. 0.2 mL of diluted blood for positive 
control was added to 0.5 mL of 0.01 M HCl, diluted to 10 mL and incu
bated for 1 h at 37 ◦C. Similarly, 0.2 mL of diluted blood for negative 
control was diluted to 10 mL with the addition of normal salt solution 
and incubated at 37 ◦C for 1 h. The mixture consisting of 0.2 mL of 
diluted blood in the centrifuge tube and 9.8 mL of saline solution was 
incubated at 37 ◦C for 30 min to reach equilibrium temperature. Samples 
with 5 × 5 mm (0.0022 g) in size were taken into centrifuge tubes con
taining the blood-salt mixture and incubated at 37 ◦C for 1 h. After in
cubation, all sample solutions were centrifuged at 6000 rpm for 10 min 
and after the supernatant fluid was carefully removed, it was placed in 
the cuvette for spectrophotometric analysis. Optical densities of the 
incubated sample solutions were measured using a UV–vis spectropho
tometer at 545 nm. 

Hemolysis % =

[
ODtest − ODnegative

]

[
ODpositive − ODnegative

]× 100 (1)  

Where ODtest is the optical density of the sample solution, ODpositive is 
the optical density of the positive control and ODnegative is the optical 
density of the negative control. If hemolysis percent is 5% and below, 
nanocomposite is considered to be hemocompatible. If hemolysis 
percent is 10 % and below, it is considered to be biocompatible [18]. 

3. Results and discussion 

The characterization results of the synthesized biomaterials, in
teractions of these materials with GPx, GR, GST, G6PD, CAT, and SOD 
antioxidant enzymes, and the results of biocompatibility tests deter
mined from the percentage of hemolysis in the blood have been dis
cussed as follows; 

3.1. Characterization 

Characterization of biomaterials was carried out by means of pat
terns, spectra and thermograms obtained from XRD, FTIR-ATR and 
DTA/TG devices, respectively. 

3.1.1. XRD analysis 
From the XRD patterns of PMMA/HA (2.5 wt%) nanocomposites 

prepared in different solvent systems, the characteristic peaks of PMMA 
were observed at 2θ = 14.83 and 26.71◦ and those of hydroxyapatite at 
2θ = 31.42, 32.58 and 33.82◦ (figure not shown). The dispersion of 
hydroxyapatite in the polymer matrix was evaluated by means of these 
peaks. This pattern also shows that PMMA has a semi-crystalline struc
ture [19]. XRD patterns of nanocomposites show that hydroxyapatite is 
distributed in the PMMA matrix and the solvent type does not form a 
significant difference in XRD patterns. For this reason, the choice of 
solvent in nanocomposite synthesis was determined by evaluating 
thermal stability, since there was no difference in XRD patterns after 
considering the solubility parameters. In addition, the semi-crystalline 
structure of PMMA with the addition of hydroxyapatite into the poly
mer matrix has turned into an amorphous structure [20]. Fig. 1 shows 
the XRD patterns of PMMA/HA nanocomposites and composites pre
pared in different amounts of hydroxyapatite in THF medium. As seen 
from these patterns, characteristic peaks of HA in nanocomposites begin 
to emerge with increasing amount of hydroxyapatite. This result showed 
that some amount of HA was distributed in the PMMA matrix and some 
were agglomerated without dispersion. XRD patterns of PMMA/HA 
composites prepared in different hydroxyapatite amounts in THF me
dium show characteristic peaks of hydroxyapatite. In addition, it is seen 

Table 1 
The substances used for the antioxidant enzyme activity 
measurements.  

Antioxidant enzymes Chemicals 

G6PD 

Distilled water 
Tris–EDTA 
MgCl2 

NADP+

Hemolysate 
G6P 

GPx 

Tris-EDTA 
GSH 
Glutathione reductase 
NADPH 
Hemolysate 
Distilled water 
t-butylhydroperoxide 

GR 

Distilled water 
Tris–EDTA 
NADPH 
GSSG 
Hemolysate 

GST 

Phosphate buffer 
CDNB 
GSH 
Hemolysate 

CAT 
Phosphate buffer 
H2O2 

Hemolysate 

SOD 

Phosphate buffer 
Xanthine oxidase 
Xanthine 
INT 
Hemolysate  
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that the percentage of crystallinity decreases as the amount of hy
droxyapatite in composite increases. From the XRD patterns of 
PMMA/HA nanocomposites prepared in different amounts of hydroxy
apatite in acetone medium (figure not shown), it has been realized that 
HA was well dispersed in the PMMA matrix in nanocomposites of 1 and 
2.5 wt%, while some of the HA remained agglomerated in nano
composite of 5 wt%. Due to the high amount of added HA in composites, 
characteristic peaks of HA were observed in XRD patterns. This indicates 
that HA was not well dispersed in the polymer matrix and agglomerates 
were formed. 

3.1.2. FTIR-ATR analysis 
In FTIR-ATR spectrum of hydroxyapatite (figure not shown), the 

peak observed at 3573 cm− 1 belongs to the hydroxyl (–OH) group, the 
peaks at 1455 and 1413 cm− 1 belong to CO3 group, and the peaks at 
1048, 961 and 874 cm− 1 belong to the PO4

-3 group [21]. In FTIR-ATR 
spectrum of PMMA, the peak at 2950 cm− 1 belongs to the aliphatic 
–CH2 group, the peak at 1722 cm− 1 belongs to the carbonyl group 
(C––O), and peaks at 1239 and 987 cm− 1 belongs to ester bonds [22]. 

FTIR-ATR spectra of nanocomposites give important information 
about interactions between PMMA polymer matrix and filler. The indi
cation of these interactions manifested itself as new peaks and shifts of 
PMMA polymer peaks to lower or higher wavenumbers FTIR-ATR 
spectra. Fig. 2a and b indicates FTIR-ATR spectra of PMMA/HA nano
composites and composites synthesized in different amounts of hy
droxyapatite in THF and acetone (Figure not shown) medium. The 
hydroxyl peak at 3573 cm− 1 of hydroxyapatite was not observed in these 
spectra due to interaction of hydroxyl groups in hydroxyapatite with 
organic polymers [21]. The peaks at 2995, 2950, 1722 and 1434 cm− 1 of 
PMMA in the nanocomposite were shifted to higher or lower wave
numbers. From these results it can be argued that the polymer matrix 
interacts with hydroxyapatite and generally occurs between the –OH 
groups of HA and the carbonyl groups of PMMA. In the FTIR-ATR 
spectra of composites, the characteristic peaks of PMMA did not 

change much as in nanocomposites. 

3.1.3. DTA/TG analysis 
PMMA degrades in 2 steps (Figure not shown). The temperatures at 

which the maximum mass losses occur are 292 and 385.5 ◦C. It is stated 
in the literature that there are three radical formation processes for the 
degradation of PMMA. The first (100–200 ◦C) is ascribed to the weak 
head–head linkages in the main chain. The second (200–300 ◦C) is ter
minal vinyl group decomposition, and the third (300–400 ◦C) is due to 
the random scission of polymer main chain [23]. Depolymerization, 
which occurs with its radical formation, is the main degradation process 
of PMMA. Side group eliminations and polyenes occur [24,25]. From the 
thermograms, no mass loss occurred in the temperature range of 
155− 220 ◦C, hence no radical formation occurred in the first process. In 
the second and third processes, PMMA has degraded. Unlike PMMA, in 
these curves, a new mass loss occurs in the temperature range of 
100− 200 ◦C due to the trapping of the solvent in the nanocomposites. 
From the results given in Table 2, nanocomposites synthesized in THF 
and acetone media have the highest thermal stability. Also, since the 
evaporation temperature of acetone is low, it is less present in the sol
vent matrix. Fig. 3a and b show TG and d[TG] thermograms of 
PMMA/HA nanocomposites/composites synthesized in different HA 
amounts in THF medium. As can be seen from these thermograms, 
although these was no improvement realized in Tx temperatures, Tmax 
temperatures were observed to increase especially for PMMA/HA 
(2.5 wt%) nanocomposite. In addition, the residual amount has also 
increased. When Table 2 is examined for composites, it was found that 
additional mass losses occurred at various temperatures. In general, Tx 
temperatures and residual amounts increase (23 and 12 ◦C increase in 
Tmax1 and Tmax2 temperature, respectively). Zhao and Zhang (2008) 
synthesized polyurethane/hydroxyapatite nanocomposites using poly
merization method. From thermogravimetric analysis, nanocomposites 
have been shown to have higher thermal stability than pure poly
urethane. They attributed this increase in thermal stability to crosslink 
formation in polyurethane and to hydrogen bonds formed between 
amide groups (–NH–CO–O–) in polyurethane and hydroxyl groups in 
hydroxyapatite [26]. According to the results obtained from FTIR-ATR 
analysis, the increase in thermal stability can be attributed to 
hydrogen bonds formed between the –OH groups in hydroxyapatite and 
carbonyl groups in PMMA. When TG and d[TG] thermograms of 
PMMA/HA nanocomposites/composites synthesized in different 
amounts of HA in acetone medium were examined (Figure not shown), 
the addition of hydroxyapatite into PMMA matrix in acetone medium 
did not cause a significant increase in thermal stability. It just changed 
the Tmax1 temperature of the first degradation. Over 400 ◦C, composites 
are thermally more stable than pure polymer. It has been observed that 
the addition of hydroxyapatite into the PMMA matrix changes the 
degradation mechanism of PMMA. Additional mass losses occurred due 
to solvent at low temperatures. Also, because composites contain more 
hydroxyapatite than nanocomposite, the residual amounts were found 
to be quite high. In fact, the residual amount which is in the range of 
20–30 % and T80 temperature was not observed for some samples. When 
comparing nanocomposites synthesized in THF and acetone media, it 
can be said that hydroxyapatite is better dispersed in the PMMA matrix 
in the THF medium, and the nanocomposites prepared in the THF me
dium are more thermally stable. 

3.2. Effect of biomaterials on enzyme activity 

Fig. 4 shows the effect of biomaterials on antioxidant enzyme ac
tivities. There was no regular increase or decrease in glutathione 
peroxidase enzyme activity by increasing of the HA amount for bio
materials synthesized in THF medium. Compared to the control sample, 
enzyme activity decreased for nanocomposites or composites containing 
1, 10, 20 and 30 wt% HA, and conversely, it increased for nano
composites or composites containing 2.5, 5, 40, and 50 wt% HA. The 

Fig. 1. XRD patterns of PMMA/HA a) nanocomposites and b) composites 
prepared in THF solvent. 
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biggest decrease is 30 wt% of composite (decrease 37.5 %), the highest 
increase is 40 wt% of composite (increase 43.75 %). This indicates that 
the change in the activity of the enzyme does not depend on the amount 
of HA in the PMMA/HA nanocomposite and/or composites. All bio
materials synthesized using acetone as a solvent reduced the activity of 
the glutathione peroxidase enzyme. The maximum enzyme activity 
decreased about 40 % for composite containing 40 wt% HA. The ratios 
of other samples affecting activity are close to each other. According to 
these results, it can be said that PMMA/HA nanocomposites and/or 
composites synthesized in acetone medium inhibit the activity of the 
glutathione peroxidase enzyme. Considering the effects of PMMA/HA 
nanocomposites and/or composites synthesized in THF and acetone on 

glutathione reductase enzyme activity, samples containing 10 and 30 % 
HA by weight in the THF medium increase glutathione reductase 
enzyme activity (4.35 % and 8.7 % respectively). On the other hand, 
other samples reduce enzyme activity. However, it can be argued that 
nanocomposites and/or composites generally have no significant effect 
on glutathione reductase enzyme activity. PMMA/HA nanocomposites 
and/or composites synthesized using acetone as a solvent increased the 
glutathione reductase enzyme activity. The highest increases in enzyme 
activity were observed for composites containing 30 and 40 wt% HA. 
This result indicates that PMMA/HA nanocomposites and/or composites 
act as an activator for the glutathione reductase enzyme. Enzyme acti
vators are molecules that bind to enzymes and increase their activity. 

Fig. 2. FTIR spectra of PMMA/HA a) nanocomposites and b) composites prepared in THF solvent.  
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They are the opposite of enzyme inhibitors. PMMA/HA nanocomposites 
and/or composites generally increase glutathione s-transferase enzyme 
activity. However, this increase is not very high. The effects of PMMA/ 
HA nanocomposite and/or composites on glucose-6 phosphate dehy
drogenase enzyme activity are given in Fig. 4. The changes in the 
enzyme activity of the synthesized nanocomposite and/or composites 
are similar. However, when the effect of the samples synthesized in THF 

medium on the enzyme activity is compared with the control group, it is 
seen that all samples decrease the enzyme activity and the samples 
synthesized in acetone medium also increase. It can be seen from Fig. 4 
that nanocomposites and/or composites slightly decrease catalase 
enzyme activity. The highest decrease was observed in the PMMA/HA 
composite containing 40 wt% HA which was prepared using THF as a 
solvent. The lowest decrease was determined in the PMMA/HA nano
composite containing 1 wt% HA. It is also realized that the decrease in 
the activity of the enzyme is not proportional to the amount of HA. From 
the above explanations, it can be concluded that the samples synthesized 
in THF medium inhibit the catalase enzyme more than the samples 
synthesized in acetone medium. The effects of nanocomposites and/or 
composites synthesized in THF and acetone on superoxide dismutase 
enzyme activity differ from each other. Samples that the enzyme activity 
reduce the most are PMMA/HA nanocomposites containing 1 and 2.5 wt 
% HA synthesized using acetone as the solvent. The highest reduction in 
those synthesized in THF medium was achieved for PMMA/HA nano
composite containing 2.5 wt% HA. On the other hand, it can be seen that 
some of the synthesized samples also act as activators on the superoxide 
dismutase enzyme. For example, composites containing 20, 30 and 
40 wt% HA synthesized in THF medium increased the enzyme activity. 
Samples containing 5 and 20 wt% HA synthesized in acetone medium 
also positively affected SOD activity. These results show that the amount 
of HA in nanocomposites and/or composites is not very important in 
influencing superoxide dismutase enzyme activity. 

3.3. Hemocompatibility test 

If the percentage of hemolysis is less than 10 %, the materials are 
called biocompatible. Conversely, if the percentage of hemolysis is 
below 5%, the materials are called highly hemocompatible. When 
Fig. 5a and b are examined, it is seen that the hemolysis percentage of 
nanocomposites synthesized in both THF and acetone media is less than 
5%. This means that the nanocomposites are very hemocompatible. 
Similarly, when comparing the results shown in Fig. 5a and b, it can be 
said that the materials synthesized in the medium with acetone are more 
hemocompatible than the materials synthesized in the medium with 
THF. A similar result was found for chitosan gallate by Cho et al. (2011). 
They foud that citosan gallate exhibited the protection effect on genomic 
DNA damage by induced hydroxyl radical, and up-regulated the protein 
expression of antioxidant enzymes including superoxide dismutase-1 
and glutathione reductase under H2O2-mediated oxidative stress in 
RAW264.7 macrophage cells [27]. 

Table 2 
DTA/TG analysis data of PMMA and PMMA/HA nanocomposites and/or composites.  

Samples Solvent systems T5 (oC) T10 (oC) T30 (oC) T50 (oC) T80 (oC) Tmax1 (oC) Tmax2 (oC) Residue (%) (600 ◦C) 

PMMA —— 326.1 346.3 369.1 380.1 397.2 292.2 385.6 0 
PMMA/HA (1 wt%) THF 145.0 184.4 357.2 375.9 395.4 288.2 384.2 0.48 
PMMA/HA (2.5 wt%) THF 158.3 267.5 363.2 378.9 397.4 296.2 386.2 2.23 
PMMA/HA (2.5 wt%) Acetone 245.3 281.5 360.1 377.3 396.7 298.9 384.3 2.44 
PMMA/HA (2.5 wt%) Chloroform + acetone 171.5 264.4 364.4 379.0 398.0 286.6 385.5 2.44 
PMMA/HA (2.5 wt%) Acetone + THF 176.1 217.5 357.6 378.1 399.6 299.2 390.6 1.95 
PMMA/HA (2.5 wt%) Chloroform + THF 155.4 193.4 361.7 378.8 398.3 282.2 384.4 1.38 
PMMA/HA (5 wt%) THF 162.6 192.5 350.0 375.8 396.5 280.3 386.6 3.88 
PMMA/HA (10 wt%) THF 167.4 201.4 356.2 378.3 401.9 280.3 387.5 8.04 
PMMA/HA (20 wt%) THF 163.9 217.3 352.0 379.8 406.0 298.7 390.2 9.96 
PMMA/HA (30 wt%) THF 178.9 247.0 361.9 389.7 —— 298.9 395.5 23.25 
PMMA/HA (40 wt%) THF 217.3 273.0 333.0 379.6 —— 296.5 389.6 27.97 
PMMA/HA (50 wt%) THF 191.2 291.7 345.3 385.7 —— 303.3 388.4 33.19 
PMMA/HA (1 wt%) Acetone 262.6 329.8 367.2 380.0 396.5 290.7 384.2 0.14 
PMMA/HA (5 wt%) Acetone 239.6 267.0 343.7 371.1 394.5 302.3 383.6 5.24 
PMMA/HA (10 wt%) Acetone 223.1 271.0 337.0 370.3 398.9 301.5 383.6 8.88 
PMMA/HA (20 wt%) Acetone 224.4 266.4 317.1 365.4 405.7 299.2 385.3 14.49 
PMMA/HA (30 wt%) Acetone 164.1 250.6 295.1 336.4 419.0 295.5 384.7 18.81 
PMMA/HA (40 wt%) Acetone 181.9 259.4 300.9 347.3 —— 294.2 384.1 27.98 
PMMA/HA (50 wt%) Acetone 251.2 266.4 300.3 351.0 —— 281.0 382.3 34.09  

Fig. 3. TG thermograms of PMMA/HA a) nanocomposites and b) composites 
prepared in THF solvent. 
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3.4. Discussion 

As can be seen from Fig. 4, the effects of nanocomposites/composites 
synthesized in different solvent media on antioxidant enzyme activities 
are different from each other. Nanocomposites/composites synthesized 
in acetone medium inhibit GPx activity, while those synthesized in THF 
medium do not have a regular effect on enzyme activity. GPx catalyzes 
the conversion of reduced glutathione (GSH) to oxidized glutathione 
(GSSG) in the presence of H2O2 as following Eq. (2) [28]. 

2GSH + R − O − O − H
Organic

hydroperoxide

⟶

Glutathione

peroxidase
GSSG + ROH + H2O (2) 

GPx is the most abundant in the heart, lung, and brain, and the 
median level in muscles. In deficiency of this enzyme (for example, for 
samples synthesized in acetone media), reactive oxygen species (ROSs) 
increase in the heart, lungs, brain and tissues. These ROSs can undergo 
structural changes by affecting protein and lipid peroxidation and 

Fig. 4. Percentage effects of biomaterials on antioxidant enzymes.  
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cellular activities on the plasma membrane. ROSs have the ability to 
affect membrane activation, protein kinases, growth factors and re
ceptors, signal transduction, oncogen activation and inactivation of 
repressor genes. This demonstrates that ROS have significant effect on 
oncogenes and cancer formation. While nanocomposites/composites 
synthesized in acetone medium have an activator effect on glutathione 
reductase enzyme, samples synthesized in THF medium do not have a 
regular effect. GR is a key enzyme of the antioxidative system that 
protects cells against free radicals. GR catalyzes the conversion of 
reduced glutathione (GSH) to oxidezed glutathione (GSSG) formed as a 
result of reduction of hydroperoxides by GPx. 

GSSG + NADPH + H+ ⟶

Glutathione

reductase
2GSH + NADP+ (3) 

A steady supply of NADPH is therefore vital for erythrocyte integrity 
[28]. In this study, samples synthesized in acetone medium increase GR 
activity. If it decreases, decreased GSH/GSSG ratio will contribute to 
oxidative stress and there is increasing evidence indicating that oxida
tive stress plays an important role in the pathogenesis of many diseases. 
The function of GR and balance of the GSH/GSSG ratio are the key 
factors of various diseases and are awaiting resolution in future re
searches. During oxidative stress and deficiency of GR, intracellular 
GSSG accumulates, and the loss of thiol redox balance may cause dele
terious consequences for metabolic regulation, cellular integrity, and 
organ homeostasis. GR inhibition disturbs cellular prooxidant antioxi
dant balance and may contribute to the genesis of many diseases. The 
nanocomposites/composites synthesized in both solvent media showed 
an activator effect on the glutathione-s transferase enzyme. The activity 
of GSTs is dependent upon a steady supply of GSH from the synthetic 
enzymes gamma-glutamylcysteine synthetase and glutathione synthe
tase [29–31]. Increased activity of this enzyme is important in 
destroying or modifying endogenous toxins formed in cells [32]. Recent 
studies have reported that the Pi1 isoenzyme of GST has an important 
role in lung tumorigenesis and is the most abundant GST isoenzyme in 
the human lung [33]. G6PD, catalyzes net transfer of a hydride ion to 
NADP+ from C1 of glucose-6-phosphate (G6P) to form 6-phosphoglu
cono-δ-lactone as following Eq. (4):   Fig. 5. Hemocompatibility test results of PMMA/HA biomaterials prepared in 

a) THF and b) acetone solvents. 

(4)   

(7)   
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The effects of nanocomposites and/or composites synthesized in 
different solvent media on G6PD enzyme activity are different from each 
other. Samples synthesized in acetone medium showed activator effect 
while samples synthesized in THF medium showed inhibitory effect. The 
inhibition of this reaction, catalyzed by G6PD, affects the formation of 
NADPH and ribose 5-phosphate. NADPH is required for several reduc
tive processes in addition to biosynthesis [28]. SOD is an enzyme that 
catalyzes the conversion of superoxide free radicals to hydrogen 
peroxide and molecular oxygen. 

2O•
2 + 2H+⟶dismutaseSuperoxideH2O2 + O2 (5) 

Samples synthesized in acetone medium inhibit SOD activity, while 
samples synthesized in THF medium do not have a regular effect on SOD 
activity. A decrease in SOD level increases the formation of free radicals 
in the cell and causes the development of diseases that cause oxidative 
damage. CAT is the enzyme that catalyzes the conversion of H2O2 to 
water and molecular oxygen according to the following reaction (6). 

2H2O2 ⟶Catalase 2H2O + O2 (6) 

It has the most activity in the liver and erythrocytes [28]. Samples 
synthesized in both acetone and THF media inhibit catalase enzyme 
activity. In general, CAT deficiency increases the likelihood of devel
oping type 2 diabetes. 

According to the above explanations, the relationship between 
antioxidant enzyme activities examined in this study can be demon
strated by the following reaction.   

Inadequate of these enzymes implies incomplete production of 
NADPH in the cell. This case means that sufficient NADPH is not present 
in the cells to enable the efficient working of antioxidant enzymes 
involved in the reduction of free radicals [34]. Free radicals can spe
cifically interact with cell membranes and DNA. They lead to rapid 
damage to the cell by the initiated chain reaction [35]. The main enzyme 
that eliminates these radicals and allows H2O2 formation is SOD 
enzyme. The forming H2O2 is converted to water by the CAT and GPx 
enzymes, making it completely harmless. GPx requires reduced gluta
thione (GSH) when it catalyses this reaction and GSH converts to 
oxidized glutathione (GSSG) at the end of the reaction. GSSG is not 
involved in detoxification reactions. For this reason, it has to be con
verted back to GSH. This process is carried out by the GR enzyme, which 
is dependent on NADPH. NADPH forms as a result of reduction of 
NADP + by the G6PD enzyme [36]. If G6PD is blocked, it will not be 
possible to remove harmful free radicals, since NADPH will not be able 
to be produced, and hemolysis will occur resulting in damage of cell 
membranes by radicals [37]. Experimental results indicate that some 
samples have an inhibitory effect on antioxidant enzyme systems. The 
enzyme activities of living things in contact with these samples 
diminish, the amount of ROSs increases, and the enzymes can not 
regularly work. Morever, these PGRs cause to hemolysis of blood in high 
ratio. As a result, some samples show toxic effects and negatively affect 
cell metabolism. 

3.5. Conclusions 

Biomaterials synthesized based on solvent removal method using 
PMMA and hydroxyapatites were characterized by XRD, FTIR-ATR and 
DTA/TG. in vitro their biocompatibilities and effects on some antioxi
dant enzymes were investigated. HA was homogeneously distributed in 
PMMA/HA biomaterials containing HA less than 10 wt%. FTIR-ATR 
analysis indicated that the interactions between –OH groups in hy
droxyapatite and carbonyl groups in PMMA occurred. The increase in 
thermal stability was compatible with data obtained from FTIR-ATR 
analysis. Biomaterials prepared in THF medium were more thermally 
stable than prepared in acetone medium. Nanocomposites and 

composites had different effects on enzyme activities. Samples synthe
sized in acetone medium increased enzyme activities as activator for GR 
and G6PD enzymes, while inhibiting GPx and CAT enzyme activities. On 
the other hand, samples synthesized in THF medium showed inhibitory 
behavior for G6PD and CAT enzymes. The effects of samples synthesized 
in other different media on enzyme activities had not shown regularity. 
Materials synthesized in the medium with acetone were more hemo
compatible than the materials synthesized in the medium with THF. 
Synthesized materials do not have a significant negative effect on anti
oxidant enzymes. 
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