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Abstract 

Artificial bone materials were synthesized using the "solvent casting method" using 

polylactide/hydroxyapatite and various organic-inorganic modifiers. The physicochemi-

cal properties of the materials were studied using modern methods. IR spectroscopy 

showed that interactions between polymer macromolecules and hydroxyapatite occurred. 

When the powder was studied by the X-ray diffraction method, it was found to have an 

average crystallinity of 50-60%. When the textural properties were examined using SEM 

analysis, it was found that the introduction of magnesium phosphate into the samples 

resulted in the formation of porous particles with dimensions of 100-250 µm. This in turn, 

leads to the improvement of metabolic processes when the samples are introduced into 

living tissues. When the microhardness was determined by the Vickers method, it was 

found to be close to the hardness of natural bone, i.e. 27-34 HV. In vitro resorption was 

also performed in Simulated Body Fluids (SBF). Non-toxicity was observed when 

cytotoxic properties were studied. When the resorption process was studied in vivo in the 

upper third of the femur of rabbits, it was found that the ossification process of the 

samples was satisfactory after 28 days. 
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Introduction 
 

In recent years, the synthesis and application of 

biomedical materials with high compatibility with living 

cells, which make it possible to improve the outcomes 

of various injuries, as well whose properties are known 

prior to application, has become one of the urgent tasks. 

For example, the annual global demand for inert and 

resorbable plates and fixators used for used for the 

fixation of bone fractures  is more than two million 1. 

The most studied of such materials is based on collagen, 

a component of natural bone, and the mineral com-

ponent calcium hydroxyapatite 2,3. Another important 

component is polylactide, and its composite materials 

with the mineral component hydroxyapatite are also 

widely studied materials 4,5. Also, researchers have de-

veloped resorbable composite materials designed to 

replace damaged bone tissue and their properties have 

been studied based on collagen/chitosan 6, nanocry-

stalline cellulose/polylactide 7, polyphosphazene/hydro-

xyapatite 8, poly-ε-caprolactone/calcium phosphate 9, 

agarose/hydroxyapatite 10 and a number of other 

materials. 

 

 

 

 

A lot of research is being conducted on the pro-

duction of resorbable biomedical materials. In parti-

cular, the production of materials that degrade over a 

certain period of time when filling bone injuries and 

dental defects in dentistry is one of the areas that has not 

lost its relevance. The most studied such materials are 

obtained on the basis of collagen, polylactide, chitosan, 

microcrystalline cellulose, ultra-high molecular weight 

polyethylene and other matrices 11. One of the widely 

studied matrices is polylactide, and various methods 

have been used to improve the properties of materials 

based on it, such as the effect of polylactide stereore-

gularity 12, the effect of nanosize and dispersity of hy-

droxyapatite particles 13, the effect of crosslinking poly-

lactide macromolecules with D,L-lactide 14, modifica-

tion of polylactide/hydroxyapatite composites with 

silver and carbon 15, the possibility of using polylactic 

acid and polyglycolide copolymers 16, modification of 

composite materials with nanodiamonds 17, the intro-

duction of calcium carbonate into the poly(lactic acid) 

(PLA)/poly(butylene adipate-co-terephthalate) (PBAT)  
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matrix 18, the use of polylactide and polymethyl mea-

crylate composites 19, the effect of sucrose on the pro-

perties of polylactide/calcium carbonate composites 20, 

and a number of other methods. The properties of the 

resulting materials were studied in detail and their po-

tential use for biomedical purposes was demonstrated. 

It has been shown that it is possible to obtain artificial 

bone material by adding up to 1-4% 21, 30% 22, and up 

to 50% 23 of calcium hydroxyapatite to polylactide. The 

incorporation of up to 1% magnesium nanoparticles into 

the polylactide–graphite matrix has been shown to 

enhance the vitrification and crystallinity levels and 

porosity of the materials 24. These composite materials 

are suitable for fabricating customized biomedical 

implants using 3D printing technologies. It has been 

shown that the addition of fibrous magnesium metal to 

polylactide-based materials increases the mechanical 

strength of the material and ensures the release of 

limited amounts of Mg2+ ions 25. Spherical materials 

were obtained by adding collagen to polylactide/hy-

droxyapatite. The addition of collagen has been shown 

to improve the mechanical properties of materials 11. 

The addition of caprolactone to the polylactide/hydrox-

yapatite-based mixture has been shown to increase the 

mechanical strength of the resulting materials 26. 

To obtain artificial bone materials, porous materials 

were obtained by biomimetic incorporation of apatite 

into a polylactide/calcium carbonate-based porous mat-

rix in an alkaline environment 20. Porosity of approxi-

mately 75% and above gives the material osteoconduc-

tive properties (ensuring the conduction of bone tissue). 

However, it is important to note that the porosity of the 

material leads to a decrease in its mechanical properties. 

At the same time, it is important to obtain a material that 

is sufficiently porous and has a mechanical strength 

close to that of natural bone. Materials that are brittle 

compared to bone, because they cannot withstand heavy 

loads, prevent the achievement of the intended goals. 

Polylactide-based resorbable materials have been 

employed in the treatment of segmental bone defects 27. 

Defects in various segments, such as the tibia (n=3), 

femur (n=4), and forearm (n=4), were studied in 11 

patients with a mean age of 37 years (range 22-62 yr) 

treated by a single surgeon between 2010 and 2019. The 

average defect length was 6 cm, with a range of 3–12 

cm. The etiology of the defects was osteomyelitis (n=7), 

oncological resection (n=3), and post-traumatic aseptic 

fusion (n=1). In experiments lasting an average of 24 

months, polylactide-based membranes have shown posi-

tive results in the treatment of segmental bone defects 

up to 12 cm in size. 

The possibility of using polylactide as a bone cement 

instead of traditional polymethyl methacrylate has been 

studied. The fact that 83% of osteogenic cells tested 

after solidification of granular PLA-based cement con-

taining 80% of the material with a Molecular weight 

(Mw) of 10,770 retained viability, indicating that poly-

lactide does not have cytotoxic properties and can be 

used for these purposes 28. A resorbable, bioactive 

composite (POC-HA) based on poly (octamethylene 

citrate) (POC) and hydroxyapatite (HA) was obtained. 

While its mechanical properties were not inferior to 

existing analogues, when studied in human Mesenchy-

mal Stem Cells (hMSC), it was noted that its osteogenic 

properties were significantly improved compared to 

currently widely used polylactide/hydroxyapatite-based 

materials 29. 

Seven patients underwent surgery for long, radial 

bone fractures using resorbable "ActivaScrew™" screws 

made from polylactide-co-glycolide (PLGA) 30. No 

signs of excessive swelling, erythema, or adverse soft 

tissue responses were observed during the immediate 

postoperative period. The healing of broken bones of the 

patients for 3 months and more, the absence of addition-

al complications was the basis for the conclusion that it 

is possible to recommend the use of these materials. 

Although it has been shown that bone substitutes can 

be obtained by filling the polylactide matrix not only 

with hydroxyapatite, but also with other fillers, such as 

phosphate glass fiber (PBG/PLA) 31, magnesium hy-

droxide 32, and others, there is a need to expand the range 

of studies in this area and to conduct studies to evaluate 

the effect of various inorganic and organic modifiers on 

the physicochemical, mechanical, and biochemical pro-

perties of the materials. 

The main research direction in recent years in this 

regard is the development of bone regeneration using 

modern "tissue engineering" methods 33,34. Despite ad-

vancements in tissue engineering, there remains a strong 

demand for cost-effective, easily manufacturable, resor-

bable biomaterials with high biocompatibility and com-

pliance with clinical performance standards. 

Despite certain achievements in the production of 

biomedical materials based on polylactide matrix and 

various fillers, there is a need to conduct comprehensive 

research on the production of materials with controlled 

degradation (or resorption) properties, improved physi-

cochemical properties, sufficient mechanical strength, 

and high compatibility with blood and other biological 

fluids. 

Based on the above, one of the important theoretical 

and practical tasks is to study the effect of various 

modifiers on the properties of resorbable composite 

materials based on polylactide/hydroxyapatite in biolo-

gical environments. 

 

Materials and Methods 
 

Experimental 

Materials: PLA (Mw=80 kDa), Calcium Hydroxyapa-

tite (HA, particle size –80 μm), MgF2, CaF2, Mg3(PO4)2, 

citric acid, chloroform, and all reagents required for 

Simulated Body Fluids (SBF) were purchased from 

"Jinan Future Chemical Co." LTD, China. 

Methods: Energy dispersion X-ray fluorescence ana-

lysis was used to determine the elemental composition 

of the samples (NexDe, Rigaku, Japan). To assess the 
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interaction of components in the synthesized composite 

material samples, IR spectra (IRAffinity-1S, Shimadzu, 

Japan) were studied. Parameters such as the degree of 

crystallinity and phase conditions of the samples were 

studied by the powder X-ray diffraction method. For this 

purpose, samples that were thoroughly ground into 

powder and passed through sieves were used. Powder 

X-ray diffractometer: Maxima, XRD-7000, Shimadzu, 

Japan. The analysis process is in CuKa electromagnetic 

radiation source, λ=0.1544 nm; 2nd scan from 10º to 

70º; scanning step –0.02º; speed -2º*min-1; given volt-

age -30 kV, current -30 mA. 

The morphological and textural characteristics of the 

synthesized biomedical composite materials were 

studied using a Scanning Electron Microscope (SEM). 

SEM images were obtained on an FEI microscope 

(NanoSEM 650 model, FEI Company) equipped with a 

TLC detector. The surfaces of the synthesized com-

posite material samples were coated with a thin layer of 

gold by ion sputtering. The elemental composition of the 

samples in the studied area (surface) was also studied. 

Complex thermal analysis of materials was carried 

out on a device (TG-60H, Shimadzu Corporation, 

Japan). The experiments were conducted at temper-

atures from 50 to 600С, at a rate of 20°С min-1, in a 

nitrogen atmosphere. The results were analyzed using 

the "Origin2024bSr0No_H" software. 

DSC analysis of 8-16 mg samples of composite 

materials was carried out in a differential scanning 

calorimeter (DSC-60H, Shimadzu Corporation, Japan) 

in a nitrogen atmosphere, at a rate of 10°C min-1. Based 

on the DSC analysis, the glass transition temperature 

(Tg), cold crystallization temperature (Tc) and crystal-

linity (Xc) of the samples were determined. The mecha-

nical properties of the samples, in particular the hard-

ness, were determined by the Vickers method (KASON-

59-HVS, China).  

When determining the hardness of samples using the 

Vickers method, a sample of the material being tested is 

subjected to a load (P) of up to 980.7 N (100 kgf) at an 

angle of 136° with a four-cornered pyramid-shaped dia-

mond and held for 10-15 s. In these experiments, a load 

of 2 kg was applied to the samples and held for 20 s. 

Calculations were made according to the following 

formula: 

𝐻𝐷 = 1,844
𝑃

𝐷2
 

there: HD – hardness, Vickers; P – applied load, kg; D – 

diagonal length of the end of the device intended for 

loading (average). 

Determination of the cytotoxic properties of the 

synthesized samples was carried out according to the 

method presented in 35. In this case, a test was performed 

on A549 and L929 cells using the 3-[4,5-dimethy-

lthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) 

method. 

The concentration of calcium ions in the SBF 

solutions was monitored using an atomic absorption 

spectrophotometer (AA-7000, Shimadzu, Japan). Tests 

in SBF: A modification of the method presented in 36 

was used to prepare the SBF solution. Egg albumin was 

used instead of human gamma globulins and human 

blood plasma albumin presented in this literature. The 

substances were dissolved in the amounts given in the 

table below in double-distilled water and the solutions 

were stored in a closed container, in the dark, at room 

temperature until the start of the experiments. The 

antimicrobial properties of the resulting composite 

materials were also determined by the disk diffusion 

method.  
 

Synthesis of resorbable materials  
The "solvent casting method" was used to obtain 

composite materials. For this, a certain amount of poly-

lactide and calcium hydroxyapatite solutions in chloro-

form were used. The essence of the method is that a 

certain amount (10-12%) of polylactic acid was dis-

solved in the solvent with thorough mixing. Calcium 

hydroxyapatite sieved with a size of 0.075 µm and 

certain amounts of various modifiers were gradually 

added to it with constant stirring for 3-4 hr. The resulting 

mass was thoroughly mixed for 1-2 hr. The resulting 

contents are listed in table 1. 

The resulting homogeneous mass was placed in 

open-mouthed containers to evaporate the solvent and 

left in the open air for 3-5 days. The resulting samples 

were processed by extrusion and brought to a cylindrical 

shape (Figure 1). Extrusion was carried out at 140±5С. 

 

Results and Discussion 
 

Elemental analysis  

The calcium hydroxyapatite samples used were of 

two types: one was a commercially obtained sample, 

and the other was a laboratory-synthesized sample. The  

 

Table 1. Composition of synthesized composite materials 
 

Composition 
Amount added, mass % 

PLA HA MgF2 CaF2 Mg3(PO4)2 Citric acid 

PLA/HA 80 20     

PLA/HA+MgF2 80 20 +20    

PLA/HA+CaF2 80 20  +20   

PLA/HA+Mg3(PO4)2 80 20   +20  

PLA/HA+Citric acid 80 20    +20 

PLA/HA+MgF2+ +CaF2+Mg3(PO4)2 80 20 +6.67 +6.67 +6.67  

PLA/HA+MgF2+CaF2+ +Mg3(PO4)2+Citric acid 80 20 +5 +5 +5 +5 
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commercial HA sample was sieved using a 75 μm mesh 

and used directly in the preparation of composite 

materials. The results of the elemental analysis of the 

synthesized samples showed that the molar ratios of 

CaO, MgO and P2O5 in their composition are as shown 

in table 2. 
 

 

IR spectroscopy  

The presence of a weak band in the region of ~3250-

3500 cm-1 only in PLA/HA samples indicates a small 

number of functional groups related to O-H in the 

composition of the samples. Since the main O-H groups 

participate in the formation of complex ether bonds to 

form the polymer (Figure 2).  

The alkane C-H stretching vibrations in the region 

below 3000 cm-1, aliphatic complex ether bonds in the 

region of 1751.36 and 1718.58 cm-1, strong bands at 

~1030-1040 and 1082.07 cm-1 are characteristic of the 

apatite lattice vibrations of the phosphate group. Usual-

ly, the stretching vibrations of the pure phosphate  

(PO4
3-) group are visible in the region of 1024 cm-1, and 

in these samples its appearance around the region of 

~1030-1040 cm-1 indicates the occurrence of interac-

tions between the polymer matrix and calcium hydrox-

yapatite. The changes caused by inorganic and organic 

substances introduced into the composition of the 

samples as modifiers are small. Only the appearance of 

a band in the region of 2358.94 cm-1 in all samples with 

the addition of the modifier leads to the conclusion that 

it belongs to the asymmetric valence ν1(OH) vibrations 

of the free OH-groups in the samples. The shift of the 

bands characteristic of the C–O valence vibrations to 

1182.36, as well as the shift of the bands characteristic 

of the apatite lattice vibrations of the phosphate group to 

1031.92 and 1083.99 cm-1 allows us to conclude that 

interactions occurred between the polymer matrix and 

calcium hydroxyapatite. It can be noted that due to citric 

acid, bands characteristic of the free O–H groups 

appeared in the region of 3282.84 cm-1 and in the regions 

of ~3500 cm-1 of the spectrum. 
 

Powder X-ray diffraction  
Figure 3 presents the comparative X-ray Diffraction 

(XRD) patterns of all synthesized samples. From the 

results obtained, we can see that the signals in the 2θ= 

15-20 range belong to the α-phase of the high crystal-

linity region of PLA (pseudoorhombic, a=1.06 nm) 37, 

The incorporation of various inorganic and organic 

modifiers into PLA/HA (80:20) composites alters the 

degree of crystallinity, as demonstrated in figure 3. 

The observed peak broadening suggests a substantial 

amorphous phase within the composite matrix. The 

peaks in the 2θ=25-50 range belong to calcium hydrox-

yapatite, and it can be seen that their intensities change 

depending on the nature of the added modifier. The X-

ray diffraction pattern of the materials with 20% CaF2 

added as a modifier shows that the intensity of the peaks 

in the 2θ=15-20 range decreased, and therefore the cry-

stallinity decreased, but at the same time, new crystal-

line peaks were formed in the 2θ=30-60 range. Al-

though the addition of magnesium fluoride to the sam-

ples caused a decrease in the peaks corresponding to 

polylactide, it generally increased the crystallinity of the 

samples due to an increase in the number of crystal 

centers. It can be seen that the intensity of the peaks in 

the 2θ=15-20 range increased relatively, but in the 2θ= 

30-60 range, the peaks decreased and their intensity 

decreased compared to the samples with CaF2 added. 

Citric acid incorporation led to reduced crystallinity, as  
 

Figure 1. Scheme of obtaining biomedical composite materials based 

on PLA/HA and modifiers. 

Table 2. Results of elemental analysis of the materials 
 

Materials name Content, mass % CaO: MgO: P2O5 

PLA/HA 80:20 4,3:0:1 

PLA/HA+MgF2 80:20+20% 4,2:2,4:1 

PLA/HA+CaF2 80:20+20% 6,6:0:1 

PLA/HA+Mg3(PO4)2 80:20+20% 2,3:1,5:1 

PLA/HA+Citric acid 80:20+20% 4,3:0:1 

 

Figure 2. IR spectra of the samples. 
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evidenced by diminished peak intensities and increased 

amorphous background in the diffraction pattern. 

Based on the obtained diffractograms, the crystal-

linity of the samples was calculated. The crystallinity of 

the samples is presented in table 3. The results show that 

the crystallinity of the samples with magnesium fluoride 

as a modifier is high. 
 

SEM analysis results  
In the experiments, the surface morphology of 

materials with a PLA/HA ratio of 80/20 and samples 

with modifiers added in an amount of 10% by weight of 

the sample was studied (Figure 4). From the results 

obtained, we can see that PLA plays the role of the main 

matrix in the composition of the composite material. At 

this point, we can see from the elemental analysis results 

that the proportion of polylactide is higher than that of 

hydroxyapatite (1 mol of C atom corresponds to 1 mol 

of Ca atom). From the SEM analysis results obtained 

from another point of the composite material with a 

PLA/HA ratio of 80:20, the elemental analysis results at 

the point corresponding to the filler-calcium hydrox-

yapatite also indicate that these granular associations are 

the result of agglomeration, association of calcium 

hydroxyapatite. 

Figure 4 illustrates the influence of fillers on the 

microstructural and textural characteristics of the com-

posite materials. From the analysis results, we can see 

that calcium hydroxyapatite nanocrystals aggregate and 

associate with each other, forming large structures (Fig-

ure 4A). These structures are 5-25 μm in size (Figures 

4B and 4C), and the presence of micropores is clearly 

visible between them. It was observed that the size of 

the micropores lies in the region of 10-20 μm (Figures 

4C and 4D). The abundance of micropores leads to a 

large relative surface area of the material. This, in turn, 

is considered to act as a conduit for cells and other 

nutrients during the process of bone tissue formation and 

accelerates the formation process 38. 

From the SEM analysis results of materials obtained 

by adding 10% of MgF2 by mass of samples with PLA/ 

HA 80:20 composition, it can be seen that the adhesion 

of the components to each other is improved due to the 

addition of MgF2 to the PLA/HA composites. From the 

elemental analysis results obtained at this point, it can 

be seen that the ratio of C:Ca atoms is approximately 

10:1; and the ratio of C:Mg atoms is approximately 20:1. 

From the SEM analysis (Figures 4E-H) of composite 

materials with PLA/HA 80:20 composition and 10% 

MgF2 by mass of the sample, it can be seen that the 

adhesion of calcium hydroxyapatite to the matrix is 

improved due to the added MgF2 (Figures 4E and 4F). 

At the same time, the pores in the samples are also 

preserved (Figures 4G and 4H), the size of which is 

approximately 1-10 µm. As mentioned above, the pores 

act as a conduit for cells and other nutrients during the 

Figure 3. XRD results of the samples. 

Table 3. Effect of various modifiers on the crystallinity of the samples 
 

Materials Content, mass% Crystallinity, % 

PLA/HA 80:20 58.4 

PLA/HA+MgF2 80:20+20% 60.6 

PLA/HA+CaF2 80:20+20% 48.4 

PLA/HA+Mg3(PO4)2 80:20+20% 53.2 

PLA/HA+Citric acid 80:20+20% 53.7 

 

Figure 4. SEM analysis results of materials with PLA/HA 80:20 

composition and 10% of various modifiers by mass of the sample. 
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process of bone tissue maturation and are considered to 

accelerate the maturation process. 

SEM analysis of materials obtained by adding 10% 

CaF2 to the samples with a PLA/HA ratio of 80:20 

shows that the mutual adhesion of the components is 

improved due to the addition of CaF2 to the PLA/HA 

composites, and the elemental analysis results show that 

the C:Ca atom ratio is approximately 6.8:1; the P:F atom 

ratio is approximately 8.3:1. From the analysis results, 

we can see that the porosity of the samples with the 

addition of CaF2 is low (Figures 4I and 4J), and instead 

of it, microcrystalline granules with a size of 10-30 µm 

can be clearly seen. It was observed that the size of the 

existing pores is small, 5-10 µm. This allows us to 

conclude that the addition of calcium fluoride enhances 

the mutual aggregation of calcium hydroxyapatite and at 

the same time allows the granular microcrystals of 

calcium fluoride to separate separately. 

SEM analysis of the materials obtained from the 

addition of 10% Mg3(PO4)2 by mass of samples with a 

PLA/HA ratio of 80:20 shows that the introduction of 

magnesium phosphate into the sample composition 

leads to an increase in the size of the pores. At the 

examined point, it can be seen that the ratio of C:Ca 

atoms is 12.8:1, and the ratio of Ca:Mg is 1.8:1. The size 

of the pore spaces in the sample is large, reaching 100-

250 µm (M), and the proportion of pores with a size of 

5-20 µm is relatively small (Figures 4N and 4O). In 

addition, it can be seen that microcrystals of magnesium 

phosphate with a size of about 3-10 µm are separated in 

the sample (P). The addition of magnesium phosphate, 

on the one hand, enhances the adhesion and aggregation 

of calcium phosphate to the polylactide matrix, and on 

the other hand, increases the size of the pore spaces by 

ensuring the crystallization of aggregates at a certain 

size. 

Based on the analysis results of samples obtained 

with the addition of 10% citric acid by mass to the sam-

ples, it can be seen that the C:Ca ratio increased slightly 

to 13.5:1 due to the addition of citric acid to the samples, 

i.e. due to the acid. We can see that the addition of citric 

acid to the samples improves the mutual adhesion of the 

components, but at the same time reduces the size of the 

pores in the material (Q). The size of the pores was 

around 2-10 µm (Figures 4Q and 4R). It can be observed 

that individual microcrystals of citric acid (and most 

likely its calcium salt) with a size of 1-5 µm were formed 

in the composite. 

From the above results, the following can be con-

cluded: It was observed that the components added in an 

amount of 10% to the PLA/HA-based composite ma-

terials improved adhesion, with the best result being  
 

obtained with the addition of MgF2. Adhesion was 

slightly worse with the addition of citric acid compared 

to the control (Figure 5).  

Since the porosity of materials affects the properties 

of the resulting biomedical product, when analyzing 

porosity, the best results were observed in samples with 

the addition of magnesium phosphate. The lowest 

porosity was found in samples with the addition of citric 

acid. From the above, it can be concluded that the ad-

dition of 10% magnesium phosphate or fluoride salts to 

PLA/HA-based samples has a positive effect on the 

adhesion and porosity of the samples. 
 

Thermal analysis results  

In order to evaluate the thermal properties of PLA 

(polylactide)/HA-based composite materials and the 

effect of the modifier included in the samples, complex 

thermal analysis studies were conducted. Samples with 

an optimally selected ratio of polylactide and calcium  
 

hydroxyapatite of 80:20 and samples with 5%, 10% and 

20% MgF2, CaF2, Mg3(PO4)2 and citric acid as modifiers 

were tested by thermal methods. The results were visu-

alized and analyzed using the "Origin2024b Sr0No_H" 

software tool. The samples were ground and ground to 

a fine state using a special grinder, and the mass for 

analysis was obtained 9-13 mg.  

Initially, samples of composite materials containing 

only PLA/HA in the mass ratio of 80:20–70:30–60:40 

were analyzed. The main decomposition of the com-

posite with a PLA/HA mass ratio of 80:20 began at 

360C. When the temperature reached 410C, 77.23% 

of the sample decomposed and the residual ash content 

was 13.22%. Accordingly, endo- effects were observed 

at 290 and 410C and exo-effects at 410, 470, 500 and 

515C. In the range of 100-200C, a 3.95% mass loss  
 

was observed in the samples due to adsorbed water. 

From 200C to 360C, a 5.32% mass loss was observed 

due to volatile components in the sample-oligomers, 

solvent residues and other compounds. Therefore, ther-

mal treatment of the samples at a temperature below the  

 

Figure 5. Adhesion (A) properties and porosity (B) of samples: A) 1-control; 2-citric acid; 3-Mg3(PO4)2; 4-CaF2; 5-MgF2. B) 1-control; 2-citric acid; 
3- MgF2; 4-CaF2; 5-Mg3(PO4)2. 
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glass transition temperature (~165C) for a certain 

period of time can both increase their crystallinity and 

reduce the residual amount of solvent in them. When the 

PLA/HA mass ratios were 70:30 and 60:40, the ash con-

tent of the materials was 17.84 and 22.49%, respective-

ly. 

In the following experiments, the thermal properties 

of composite materials obtained by adding various 

modifiers that exhibit bioactivity to the samples were 

investigated. The effect of adding MgF2, CaF2, Mg3 

(PO4)2 and citric acid as modifiers on the thermal 

properties of the materials was evaluated. For this, the 

effectiveness of adding the above modifiers to PLA/HA 

80:20 samples in amounts of 5, 10 and 20% was 

evaluated. 

In materials with MgF2 as a modifier, the thermal 

stability exhibited minimal variation, but it can be seen 

that the amount of residual ash is directly related to the 

amount of modifier. It is also worth noting that the 

hygroscopicity has decreased. 

It was observed that the addition of CaF2 in an 

amount of 5, 10 and 20% by mass of the sample to 

PLA/HA 80:20 led to a decrease in the amount of main 

decomposition and an increase in the amount of residue. 

It had had minimal influence on endothermic and 

exothermic transitions. According to the results of ther-

mal analysis of composite compounds with a composi-

tion of PLA/HA+Mg3(PO4)2 80:20+5%, 10% and 20%, 

it can be concluded that the addition of Mg3(PO4)2 as a 

modifier to the sample composition led to a decrease in 

the decomposition temperature of the main part of the 

compound (decreases to 260C) and an increase in the 

amount of ash (up to 25%). 

The addition of citric acid in the sample composition 

in the amount of 5, 10 and 20% by mass had almost no 

effect on the decomposition temperature, however, the 

lowest ash residue was achieved when 20% citric acid 

was added to the composition by mass. If we draw a 

general conclusion based on the results of thermal ana-

lysis of the above PLA/HA-based composite com-

pounds, then the decomposition of the main part of the 

materials containing PLA/HA+ modifier was observed 

in the entire temperature range of 100-400C (Table 4). 

The temperature required for the decomposition of 70-

80% of the compound is 360C, which proves that the 

decomposition of polylactide, hydroxyapatite and fillers 

in the composition occurs at this temperature. 

However, if we compare the data in the graphs and  

 

tables above, we can see a sharp difference in the 

decomposition of Mg3(PO4)2 and citric acid as fillers. 

The addition of Mg3(PO4)2 to the composition of the 

mixture led to a sharp decrease in the decomposition 

temperature to 260C. It can be seen that the addition of 

citric acid increased the amount of basic decomposition 

by 83.1%. 
 

DSC analysis  
From the results of DSC analysis, we can see that the 

glass transition temperatures of the obtained composite 

materials were within 165±3C (Figure 6). It can be seen 

that there was no significant change under the influence 

of the added modifiers. 
 

Microhardness test of materials by vickers  
Two types of samples were used to determine the 

microhardness of the samples. First, the hardness of the 

materials obtained by evaporation from solutions was 

studied (Figure 7). It was observed that the microhard-

ness of the obtained materials was between 13.0 and 

15.7 HV. This value is significantly lower than the 

hardness range of 28-50 HV, which varies depending on  
 

Table 4. Comparative thermal properties of the samples 
 

Materials composition Content, mass % Main mass lose temperature, oC Main decomposition rate (%) Ash content (%) 

PLA/HA 80:20 360 77.23 13.22 

PLA/HA/MgF2 80:20:20 365 73.09 15.06 

PLA/HA/CaF2 80:20:20 365 70.72 16.4 

PLA/HA/Mg3(PO4)2 80:20:20 260 66.24 25.02 

PLA/HA/citric acid 80:20:20 365 83.1 5.83 

 

Figure 6. Glass transition points of samples. 
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the age of the person and the type of bone. Therefore, 

the samples were extruded to increase the degree of 

crystallinity, and therefore the hardness, as well as to 

carry out the shaping process. As a result of extrusion, it 

can be seen that the microhardness of the samples in-

creased to 27-34 HV (Table 5). The hardest samples 

were found to be those with 5% each of MgF2 +CaF2 

+Mg3(PO4)2 added to the PLA/HA-based composite.  
The addition of a modifier to the samples increases 

the hardness compared to pure PLA/HA. It was ob-

served that the hardness increased depending on the 

amount of added modifier in the order MgF2 <CaF2 

<Mg3(PO4)2. It was found that when equal amounts of 

modifiers were added, the compositions with the ad-

dition of Mg3(PO4)2 had the hardest structure, allowing 

to obtain samples equal to or harder than the minimum 

hardness of natural bone –28 HV. 
 

Tests in SBF  
A modification of the Kokubo method was used to 

prepare the body fluid simulation solution. Instead of 

human gamma-globulins and human blood plasma al-

bumin presented in this literature, egg albumin was used 

(Table 6).  

The substances were dissolved in double-distilled 

water in the amounts given in the table 6 and the 

solutions were stored in a closed container, in the dark, 

at room temperature until the start of the experiments. In 

the experiments, the synthesized material samples were 

placed in a bag consisting of a semiconductor mem-

brane, immersed in the prepared SBF and left in a ther-

mostat at a constant temperature of 37C, with occasion-

al shaking. 

First, a certain aliquot of the liquid in the flasks was 

taken every 3 hr during the first 3 days, every 6 hr on 

days 4-7, every 12 hr on days 8-20, and once every 5 

days, and the samples were analyzed for calcium ion. 

The concentration of calcium ion in the solutions was 

monitored with an atomic absorption spectrophoto-

meter. According to the analysis results, the degradation 

properties of the synthesized samples were evaluated 

(Figure 8). 

According to the results of 150-day experiments, it 

was found that the fastest degradation was in samples 

where citric acid was used as a modifier, and the slowest 

degradation was in samples with the addition of mag-

nesium phosphate. The time taken for half (∆m1/2) of 

the material samples to degrade was 70-127 days. The 

fastest half-life was observed in samples with added 

citric acid (70±2 days), and the slowest degradation was 

observed in samples with added magnesium phosphate 

(127±3 days). 
 

Study of cytotoxic properties  
For this, cells were seeded in a 96-well plate with 104 

cells per well 35. After 24 hr, the medium was removed 

from the tablet well. After that, the studies were con-

tinued with media containing the synthesized materials 

at the following concentrations: 62.5 µg/ml; 125 µg/ml; 

250 µg/ml; 500 µg/ml; 1000 µg/ml. Standard media 

were added to control wells and incubated for 24 hr. 

After incubation, 20 μl of MTT (5 mg/ml in phosphate 

buffer) was added to the wells. After 4 hr, this solution 

was removed from the wells and replaced with 200 μl of 

DMSO. The optical activity of each well was measured 

at a wavelength of 540 nm. According to the optical 

densities of the samples, the viability of the cells in each 

well was calculated in % compared to the control 

sample. The obtained results are presented in figure 9. 

From the obtained results, it can be seen that the 

synthesized samples showed almost no cytotoxic pro- 
 

Figure 7. Determination of microhardness of samples by Vickers. 

Table 5. Hardness of samples after synthesis and after extrusion 
 

Materials Content, % 
Microhardness, by Vickers, HV 

After synthesis After extrusion 

PLA/HA 80:20 13,2±0.1 28,1±0.2 

PLA/HA+MgF2 80:20+20% 13,5±0.1 29,7±0.2 

PLA/HA+CaF2 80:20+20% 14,2±0.2 31,5±0.3 

PLA/HA+Mg3(PO4)2 80:20+20% 15,5±0.1 32,6±0.2 

PLA/HA+ citric acid 80:20+20% 13,0±0.2 27,3±0.1 

PLA/HA + MgF2 + CaF2 + Mg3(PO4)2 80:20+5+5+5 15,7±0.1 34,4±0.2 

 

 

Table 6. Composition of SBF solution 
 

No Ion Ion concentration, (mM) 

1 Na+ 142.0 

2 HCO3
- 4.2 

3 K+ 5.0 

4 HPO4 
2- 1.0 

5 Mg2+ 1.5 

6 Cl- 148.8 

7 Ca2+ 2.5 

8 SO4
2- 0.5 
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perties compared to the control samples. In particular, it 

was found to have no significant effect on A549 cells. 

In tests conducted on L929 cells, it was observed that at 

high concentrations, 52-60% of viability was maintain-

ed compared to the control medium. 
 

Determination of antimicrobial activity  

For this, 3 different strains of micro-organisms were 

used: Staphylococcus aureus (S. aureus), Escherichia 

coli (E. coli), and Candida albicans (C. albicans) 39,40. 

Viable strains of micro-organisms were inoculated into 

sterilized Petri dishes (diameter 12 mm). The plate 

contains Mueller-Hilton (Merck) agar medium and its 

concentration corresponds to a 0.5 McFarland turbidity 

standard level (106-107 CFU/ml). Dispersions, each 

containing 10 μg of test sample, were poured onto a 

sterile blank disc in a Petri dish. A disc containing 

penicillin (5 IU) was selected as a control. After the 

samples were added, the discs were incubated at 37°C 

for 24 hr. Inhibited zones around the discs were mea-

sured using a digital caliper and expressed in mm. From 

the obtained results, it was observed that the samples 

have antimicrobial properties compared to penicillin. 
 

Study of the resorption properties of samples in vivo 

In order to study the condition of the samples when 

they were inserted into the bone, the upper third of the 

femur of experimental rabbits was determined. The 

operation was carried out in the operating room of the 

Veterinary and Animal Husbandry Development De-

partment of Samarkand city. The right and left legs of 

the experimental rabbits were selected for the main and  

 

control groups, where the right leg of the experimental 

rabbit was designated as the main group and the left leg 

as the control group. Operation process: Under general 

anesthesia, the area of the upper third of both legs was 

cleaned of hair. The skin of the upper third of the right 

thigh was excised in layers, measuring 1.5 cm (Figure 

10). 

The periosteum was separated, a hole was made in 

the bone using a 2 mm drill, and the specimen was 

inserted into the hole. The soft tissues were sutured in 

layers, the skin was incised, and the wound was closed 

with an aseptic bandage (Figure 11). 

The skin of the upper third of the left thigh was 

incised 1.5 cm in layers, the periosteum was separated, 

a hole was made in the bone using a 2 mm drill, and the 

soft tissues were sutured in layers, the skin was sutured, 

and aseptically bandaged. The left thigh served as a 

control, as described above. According to the results of 

the examination 28 days after the operation, the 

operative wound is completely healed (Figure 12). The 

control radiograph shows satisfactory pattern and 

ossification process in the upper third of the right femur, 

but slow ossification process in the hole formed in the 

upper third of the left femur. 

Figure 8. Degradation characteristics of synthesized materials in SBF. 

Figure 9. Results of cytotoxicity assays against A549 (A) and L929 (B) cells. 

Figure 10. The process of making a hole in the bone using a 2 mm 

drill. 

Figure 11. The process of inserting a sample into a hole made in the 
bone and suturing the skin.   
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Conclusion 
 

Biomedical composite materials with resorbable pro-

perties, bone substitutes, were synthesized using the 

"solvent casting method" based on polylactide and 

calcium hydroxyapatite, as well as various inorganic 

modifiers. The physicochemical properties of the 

materials were studied using modern methods: ERF, 

XRD, FTIR, TGA, DSC, and the mechanical hardness 

was studied using the Vickers method. IR spectroscopy 

showed that interactions between polymer macromo-

lecules and hydroxyapatite occurred. When the powder 

was studied by the X-ray diffraction method, it was 

found to have an average crystallinity of 50-60%. When 

the textural properties were examined using SEM ana-

lysis, it was found that the introduction of magnesium 

phosphate into the samples resulted in the formation of 

porous particles with dimensions of 100-250 µm. This 

in turn, leads to the improvement of metabolic processes 

when the samples are introduced into living tissues. 

When the microhardness was determined by the Vickers 

method, it was found to be close to the hardness of 

natural bone, i.e. 27-34 HV. In vitro resorption was also 

performed in SBF. Depending on the nature of the 

modifier in the sample, it was observed that the time 

taken for 50% degradation of the samples ranged from 

60 to 150 days. Non-toxicity was observed when 

cytotoxic properties were studied. When the resorption 

process was studied in vivo in the upper third of the 

femur of rabbits, it was found that the ossification 

process of the samples was satisfactory after 28 days. 
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