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A B S T R A C T   

The investigation of surface physicochemical and biological properties of polylactic acid and hydroxyapatite and 
composite materials based on them modified by Ag 1 � 1015 ion/cm2 and 1 � 1016 ion/cm2 40 keV ion im-
plantation is presented. X-ray analysis reveals that ion implantation of the above mentioned materials leads to 
crystallite size and degree of crystallinity increase. The intensity of -С ¼ О line is found by IR-spectroscopy to be 
decreased that is associated with surface layer carbonization processes of PLA during ion implantation. Silver ion 
introducing is established to enhance hydrophobic properties of the materials; this process is accompanied by 
free surface energy decreasing. It is shown that cell viability of non-implanted PLA is comparable with a control 
sample and ion implantation negatively affects to cell viability. The investigated materials can be promising for 
biomedical application.   

1. Introduction 

Nowadays, ion-beam modification techniques become widely used 
since they include the complex of options: new material synthesis, sur-
face composition modification, formation of predetermined pattern on 
surface, surface structure alteration, etc. Polymer and composite mate-
rial investigation is related to a new and fast paced branch of modern 
science due to development of optimal materials for immune tolerant 
and biodegradable bone implants. Hence polymer and composite ma-
terial of biomedical application are under close attention. Ion beam 
processing of various materials is one of the most important areas of 
modern industrial technologies due to a wide range of modes of treat-
ment conditions [1,2]. The small depth of ion penetration contributes to 
the polymer surface functional property changes, while the bulk char-
acteristics of the material are preserved. 

Polymer materials have a low free surface energy while non-organic 
matrixes, in particularly, hydroxyapatite, in contrast are characterized 
by a high one, therefore, composite materials based on polymeric and 
inorganic components are increasingly used as materials for biomedical 
purposes. The average value of the free surface energy is necessary to 
preserve the vital activity of cells on the surface of the material that is 
embedded in the body. Biodegradable polymers based on lactic acid, 

used in medicine, have the hydrophobic surface, while a hydrophilic and 
at the same time well-developed surface is desirable for medical prod-
ucts for better adhesion of living cells. The main their disadvantages 
(poor adhesion characteristics, poor wettability) can be eliminated by 
implantation of ions of various types and energies in the subsurface layer 
[3]. Along with that, surface antibacterial effect can be obtained by 
silver ion implantation into the surface layer of the material, which also 
can increase the cell adhesion to the surface [4]. Investigation of the 
morphology and biocompatibility (in terms of antibacterial effect and 
cell proliferation) of polymer materials is an important step for clinical 
trials [5]. Composite materials based on polylactic acid (PLA) and hy-
droxyapatite (HA) may be promising materials for bone implantology. 
The structure and mechanical properties of composite biomaterials 
based on polylactic acid and hydroxyapatite (PLA/HA) are closest to the 
functional properties of natural bone tissue [6,7]. A continuous polymer 
matrix with finely distributed hydroxyapatite crystals is similar to the 
collagen component in bone tissue. The main idea of the 
polymer-non-organic composite material use is that polymer component 
of an implant reinforced with hydroxyapatite particles, which replaces a 
defected bone tissue, bioresorbs simultaneously with the process of 
forming a new bone tissue. 

Complex physicochemical processes take place during the process of 
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ion-beam surface modification, which can significantly change the 
structure and properties of polymer surface, such as wettability, 
microhardness, conductivity, etc [8,9]. During ion implantation, the 
polymer bonds break, accompanied by the oxidation of the surface and 
the formation of new polar functional groups, which increase the hy-
drophilicity of the material. Surface treatment of polylactic acid films 
with cold plasma leads to an increase in roughness and wetting angle 
[10]. At the same time, an increase in roughness contributes to an 
improvement in the biocompatibility of polylactic acid [11]. In addition, 
it has been established [12,13] that when the surface of polylactic acid is 
irradiated with an electron beam, the length of the polymer chain 
changes, and the molecular weight and degree of crystallinity decrease 
in proportion to the increase in the radiation dose. In this paper, we 
investigate new composite materials with a unique surface treated on 
the basis of polylactic acid with hydroxyapatite. The effect of ion im-
plantation on such materials has not previously been studied. Thus, this 
study is of an applied and fundamental interest related to practical 
application of surface-modified materials, as well as the physicochem-
ical basis of the processes taking place in the surface layers of composite 
materials with polymeric and inorganic components. The purpose of this 
work is to study the effect of implantation of silver ions at the fluence of 
1 � 1015 and 1 � 1016 ions/cm2 on the physicochemical and biological 
properties of polymeric, ceramic, and composite materials based on 
polylactic acid and hydroxyapatite. 

2. Materials and methods 

2.1. Preparation of the experimental samples 

Preparation techniques for PLA, HA and PLA/HA 80/20 composite 
material were described in detail elsewhere [14–16]. HA synthesis was 
carried out using the liquid-phase method with microwave radiation at 
pH ~11 according to the patented technology [17] by the equation:  

10Ca(NO3)2 þ 6(NH4)2HPO4 þ 8NH3 � H2O → Ca10(PO4)6(OH)2 þ

20NH4NO3þ6Н2О                                                                                 

Composite materials with dispersive hydroxyapatite were obtained 
by a mixture of PLA solution in chloroform (c ¼ 0.1 g/ml) and HA 
powder at constant concentration; the mass proportion of components 
was 80/20. The choice of a composite with 80/20 ratio of PL/HA 

components follows from early studies, which found that this ratio 
displays optimal properties for this group of composites [18]. The sus-
pension was treated with ultrasound with frequency 40 kHz for 20 min, 
and then precipitated in a fivefold excess of ethyl alcohol. The resulting 
fibers were dried in a drying oven at 40 �C until the solvent completely 
evaporated. The resulting composite material, as well as pure polylactic 
acid fibers, were subjected to mechanical grinding; then tablets with 10 
mm diameter were formed with a PGR-10 hydraulic press at a pressure 
of 1 � 107 Pa. 

2.2. Ion implantation 

Ion implantation was done using a facility incorporating MEVVA II 
vacuum arc ion source [19] with a magnet separator [20] (Fig. 1). The 
beam was transported through the line of a bending magnet where its 
components with different mass-to-charge ratios were separated and 
focused. This implantation facility operates in a repetitively pulsed 
mode with repetition rate 1 Hz and pulse duration 300 μs. Charge state 
distributions of the ion beam were measured by a time-of-flight mas-
s-to-charge spectrometer [21]. The separated beam of Ag2þ ions was 
used in the experiments. Since the ion source extraction voltage was 20 
kV, the ion beam energy was 40 keV. Implantations were carried out to 
the fluence of 1 � 1015 and 1 � 1016 ions/cm2. The implantation flux 
and average power density were adjusted by the ion beam current and 
pulse repetition rate, and were 5 � 1012 ions/(cm2 � sec) and 1.5 
mW/cm2, respectively. The samples were mounted on a water-cooled 
target holder whose temperature did not exceed 20 �C. A working 
pressure of 1 � 10� 6 Torr (1.3 � 10� 4 Pa) was maintained by a pumping 
system based on two turbomolecular pumps. 

2.3. Characterization techniques 

The physicochemical properties of PLA, HA and PLA/HA 80/20 
samples before and after Ag ion-beam treatment were studied including 
elemental and phase composition, morphology, wettability, and me-
chanical and functional properties. Chemical structure was investigated 
by infrared spectroscopy using a single attenuated total internal reflec-
tion (ATR-IR) attachment to a Nikolet 5700 IR-spectrometer. The 
elemental composition of the surface was studied by X-ray photoelec-
tron spectroscopy (XPS) using a PHIX-tool automated XPS microprobe. 
Samples were mounted to the holder using conducting carbon or copper 
tape. For the XPS analysis, a monochromatic KαAl X-ray source with an 
X-ray spot of 400 � 400 μm2 was used. In the analysis, a standard charge 
compensation system with low electron and ion energy (�0.1 eV) was 
used. Samples were cleaned by the Monatomic and Gas Cluster Ion 
Source (MAGCIS). X-ray photoelectron spectroscopy (XPS) is based on 
the photoelectric effect using monochromatic X-ray radiation and allows 
determination of energies of electronic levels based on the measured 
kinetic energies of the photoelectrons [22]. Phase composition was 
investigated using a Shimadzu XRD-7000S X-ray diffractometer with a 
KαCu source with wavelength 1.54 Ȧ. The degree of crystallinity was 
calculated as the ratio Ic/It, where Ic is the integrated diffraction in-
tensity in the crystalline region and It is the total integrated intensity. 
The value of Ic was determined from the difference between It and Ia, 
where Ia is the integral intensity of the amorphous halo. 

Water, ethylene glycol, and glycerol contact angles were measured 
by a sessile drop technique using a Kruss Easy Drop instrument. Contact 
angles were measured according to the Young-Dupree equation: 

σSG¼ σSL þ σLGcosθ (1)  

where θ is the contact angle, and σSG, σSL, σLG are the surface tension 
coefficients at the solid-gas, solid-liquid, liquid-gas interfaces, respec-
tively. Surface energy calculation was done using the Owens-Wendt 
equation [23]: 

Fig. 1. Experimental setup: 1 – silver vacuum arc cathode; 2 – cathode holder; 
3 – anode of trigger discharge; 4 – mica insulator; 5 – vacuum arc ion source; 6 – 
high voltage insulator; 7 – output chamber; 8 – bending magnet; 9 – input 
chamber; 10 – Faraday cup (Adopted from Ref. [20]). 
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S ,σРL , σРS are the dispersion and polar components for the 
liquid and the solid, and σL is the total surface energy for the test liquid. 
Structural analysis was carried out by scanning electron microscopy 
using a Quanta 200 3D scanning electron microscope (SEM) and focused 
ion beam (FIB) instrument. Magnifications from 1000 to 15,000 were 
used at accelerating voltage of 20 kV, with spot size 2–3 nm. Before the 
SEM study, the samples were coated with a conducting gold film of 2–5 
nm thickness by magnetron sputtering to alleviate charge build-up on 
the surface. 

Microhardness of PLA, HA, PLA/HA 80/20 samples were measured 

with a Nanotest 600 hardness testing instrument using Berkovich tip at a 
load of 0.5 mN. Surface electrical resistivity (also called sheet resistance) 
was measured using an E6-13A teraohmmeter and calculated from the 
equation  

ρ ¼ Rb/l,                                                                                        (3) 

where R is the measured resistance, Ohm, b ¼ 3 mm is the distance 
between the contacts, and l ¼ 10 mm is the electrode length. Graflex 
plates pressed tightly to a polymer sample were used as the contacts 
(electrodes). 

Analysis of macrophage survivability in culture was performed for 
evaluation of cytotoxicity of the investigated materials. The monocytes 
from the blood of three individual donors were isolated [24] using 
CD14þ magnetic separation. Then monocytes were cultured in X–VIVO 
medium supplemented with cytokines and in the presence of the sam-
ples for 6 days at 37 �C at the atmosphere of 7.5% CO2. Monocytes 
cultured without samples were used for control. On the sixth day of 
macrophage differentiation, the Alamar Blue indicator was added and 
the samples were incubated for another 3 h. Then, fluorescence response 
was measured [25]. As a negative control (no living cells), a X–VIVO 
serum-free medium with the addition of Alamar Blue (Alamar 

Table 1 
The position and form of C1s and O1s lines in the PLA.  С1s 

O1s 

1 2 3 1 2 

Binding energy, eV 285.00 286.98 289.06 532.25 533.66  

Fig. 2. XPS data of PLA and HA: a) C1s of the initial PLA, b) C1s of the PLA þ Ag 1 � 1016 ion/cm2, c) O1s of the initial PLA, d) O1s of the PLA þ Ag 1 � 1016 ion/ 
cm2, e) survey spectrum of the initial HA, f) survey spectrum of the HA þ Ag 1 � 1016 ion/cm2. 
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Blue/medium ratio is 1/10) was used to measure the fluorescence signal, 
which was incubated for 3 h at 37 �C. 

3. Results and discussion 

3.1. Chemical and phase composition of PLA, HA and composite PLA/HA 
80/20 

Surface elemental composition of PLA, HA, composites of PLA/HA 
samples in the initial state and after silver ion implantation was inves-
tigated by X-ray photoelectron spectroscopy. Components detected in 
the C1s and O1s spectra are related to the chemical bonds in Table 1. In 
the initial PLA sample, the position and the shape of C1s and O1s lines 
correspond to the reference data on the binding energies in the PLA 
macromolecule (Fig. 2a and b, c, d). Table 1 represents the C1s and O1s 
spectra of the initial and implanted PLA surface. 

Processes taking place in the surface layer of the polymer during ion 
implantation can be analyzed by comparison of C1s and O1s spectra of 
the initial and modified PLA. Surface carbonization is found to occur 
after Ag ion irradiation, the content of carboxyl group is decreased; the 
ratio of atomic concentration C/O is increased (C/O ¼ 2.23 before the 
treatment; C/O ¼ 5.18 after ion-beam modification) in the surface layer 
of PLA. A new line with the binding energy of 284.5, corresponding to 
sp2 hybridization of carbon (-C––C-) appears in the C1s spectrum of Ag- 
implanted PLA. The π-bonds formation can be associated with 

destruction processes in the PLA macromolecules during accelerated ion 
interaction with the polymer chains. According to the XPS data, the 
following chemical reaction taking place during ion-beam treatment can 
be proposed (Fig. 3). 

Firstly, free radicals (A, B, C, D, F, G) can be formed at the interaction 
of accelerated ions with the polymer surface in consequence of the 
polymer chain scission (Fig. 3, reactions 1–3). Release of volatile mon-
oxide and carbon dioxide is proposed to take place due to electron 
density shifts in radicals C, F. The free radicals C, D, E, F, G can 
recombine and form cross linking (H) as shown in Fig. 2, reaction 4. 
During the action of incident ions with high energy, the formation of a 
π-bond (I) and the formation of a volatile hydrogen gas can be assumed 
as shown in Fig. 2, reaction 5. 

According to the XPS data for HA samples (Fig. 2e and f), it was 
found that silver ion irradiation results in the decrease of the atomic 
concentration of Ca and P, the ratio of Ca/P for the initial HA is 1.21, and 
after ion treatment – 0.87. 

Fig. 4 shows XPS data for C1s, О1s, and survey spectra of the initial 
and 1 � 1016 ion/cm2 Ag implanted PLA/HA 80/20 samples. The C1s 
spectra of the initial and modified ions surfaces of PLA/HA 80/20 
samples contain carbon lines in three coordination states corresponding 
to the PLA (Table 1). In the surface layer of PLA/HA 80/20 after silver 
ion implantation the decrease of the content of –C––O bonds up to 2.7 
times into the C1s spectrum and up to 1.8 times into the O1s spectrum is 
observed, which may be associated with parallel processes of 

Fig. 3. Schemes of the chemical processes developing into the subsurface layer of PLA during Ag ion implantation.  
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destruction and cross-linking during ion implantation. It should be noted 
that ion beam treatment leads to the calcium content decrease in the 
surface layer, which may be due to the effects of sputtering and knocking 
out of calcium ions from the surface layer (Fig. 4e and f, Table 2). 

The XPS results indicate an increase in the atomic concentration of 
carbon on the surface of polylactic acid and composite PLA/HA 
(Table 2), which is due to the breaking of the polymer chains and, 
probably, the formation of carbon (graphite) clusters. In addition, the 
stoichiometry of hydroxyapatite was found to be changed after im-
plantation with silver ions. The calculated atomic concentration ratio of 
Ca/P (Table 2) indicates that the experimental hydroxyapatite refers to 
octocalcium phosphate [26–28]. 

XPS data show that surface layers of the investigated materials 
contain silver atoms after Ag ion implantation (Table 2); herewith the 
maximum atomic concentration of silver is registered for hydroxyapatite 
since this material contains pores. Silver after ion implantation was 
established to be in the metallic state, without forming chemical bonds 
with other atoms of the polymer and non-organic matrixes (Fig. 5). The 
binding energy (Еb (Ag3d5/2) ¼ 368.0 eV, Еb (Ag3d3/2) ¼ 374.1 eV) of 
silver atoms corresponds to the electrons at the 3d level of silver in zero 
oxidation state (metallic state of silver). The difference in peak areas in 
the XPS results for PLA, HA and PLA/HA samples is explained by 

Fig. 4. XPS data of PLA/HA 80/20: a) C1s of the initial PLA/HA 80/20, b) C1s of the PLA/HA 80/20 þ Ag 1 � 1016 ion/cm2, c) O1s of the initial PLA/HA 80/20, d) 
O1s of the PLA/HA 80/20 þ Ag 1 � 1016 ion/cm2, e) survey spectrum of the initial PLA/HA 80/20, f) survey spectrum of the PLA/HA 80/20 þ Ag 1 � 1016 ion/cm2. 

Table 2 
Atomic concentration in the PLA, HA, PLA/HA samples according XPS data.  

Sample Atomic concentration of elements, at.% 

C O Ca P Ag Ca/ 
P 

PLA initial 68.03 31.97 – – – – 
PLA þ Ag 1 � 1016 ion/cm2 84.4 15.1 – – 0.5 – 
HA initial – 39.24 34.5 26.26 – 1.31 
HA þ Ag 1 � 1016 ion/cm2 – 35.74 24.87 27.46 11.93 0.91 
PLA/HA initial 54.7 32.32 7.11 5.87 – 1.18 
PLA/HA þ Ag 1 � 1016 

ion/cm2 
73.88 15.88 2.38 7.63 1.17 0.31  
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different densities of the materials. 
The chemical composition of polylactic acid, hydroxyapatite, and 

composite PLA/HA before and after silver ion-beam treatment was 
studied using infrared spectroscopy. In the IR-spectrum of PLA (Fig. 6), 
the functional groups of -СН3, -СН are corresponded by the stretching 
vibrations with wave numbers of 2944 сМ-1 (symmetrical vibrations) 
and 2996 сМ� 1 (asymmetrical vibrations). In addition IR-spectrum of 
PLA contains stretching vibrations of the carbonyl group (–C––O) with 
the corresponding wave number of 1759 сМ� 1. There are stretching 
vibrations of (–C(¼O)–O) group with wave numbers of 1456, 1186, 
1093, 1045 сМ� 1. Deformation vibrations of a functional group 
(–C–O–C–) with a wave number 872 сМ� 1 are present as well. 

Displacement or the presence of new bands in the IR spectra of PLA was 
not detected. According to the IR spectroscopy results, the spectra of Ag- 
implanted PLA samples was found to be identical to the initial one 
(Fig. 6), they contain absorption bands corresponding to the PLA func-
tional group vibrations. 

Fig. 6 shows that in the IR-spectra of hydroxyapatite, both in the 
initial state and after ion implantation, four absorption bands in the 
region of 965, 1025, 1055 and 1087 cm� 1, corresponding to the 
stretching vibrations of the orthophosphoric groups PO4

3� were 
observed. A decrease in the PO4

3� line intensity after silver ion implan-
tation was detected. According to the IR-spectroscopy data analysis, the 
spectra of the initial and Ag-implanted PLA/HA 80/20 samples contain 
bands characteristic for both PLA and HA (Fig. 6, Table 3). Moreover, a 
decrease in the intensity of characteristic lines of all materials is 
observed after ion-beam treatment, which is probably due to the for-
mation of silver particles in the pores of the samples, since the oscillation 
of the pure metal is inactive in the IR-region. 

The phase composition of the initial and Ag-implanted polylactic 
acid, hydroxyapatite, and composite PLA/HA was studied by X-ray 
phase analysis. Diffraction patterns of the initial and Ag-implanted PLA 
samples, which are shown in Fig. 7, contain two main peaks corre-
sponding to angles 2Θ � 19.1� and 16.9� and crystallographic planes 

Fig. 5. Ag3d spectra of a) polylactic acid, b) hydroxyapatite, c) composite PLA/HA 80/20.  

Fig. 6. IR-spectra of the initial and 1 � 1016 ion/cm2 Ag-implanted PLA, HA, 
PLA/HA samples. 

Table 3 
Characteristic vibration absorption bands in the IR-spectra of PLA, HA, 
and composite PLA/HA 80/20.  

Group name Wave number, cm‾1 

ν (–С ¼ О) 1760–1750 
ν (–СН3, –СН) 2995-2945, 2885-2980 
δ (–СН3) 1380–1360 
ν (–О–Н) 3500–2500 
ν (PO4

3� )) 1030-1080, 960 
δ (PO4

3� ) 630, 600, 570 
ν (–С–О–С–) 1150-1060, 1075–1020, 920-800  
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with indices (2 0 1), (1 1 0), characteristic for the structure of the L- 
isomer of polylactic acid. A change of the crystallographic parameters of 
the PLA after implantation is observed. The degree of crystallinity of 
polylactic acid after silver ion implantation increases from 68% to 74%, 
at the same time, the sizes of crystallites (areas of coherent scattering) 
change from 13 nm to 19 nm with the fluence increasing from 1 � 1015 

to 1 � 1016 ion/cm2. The degree of crystallinity is one of the main factors 
affecting the biodegradability of polymers, since complex protein mol-
ecules and various complexes that accelerate chemical reactions in a 
living organism mainly break down the amorphous regions of the ma-
terial. Polymer molecules in the amorphous regions are less densely 
packed, so the material is more susceptible to decomposition. It is known 
that the rate of biodegradation with increasing degree of crystallinity of 
the polymer decreases [29]. 

Diffraction patterns of the initial and Ag-implanted hydroxyapatite 
samples (Fig. 7) contain the peaks corresponding to the monoclinic 
syngony of the composition Ca10(PO4)6(OH)2 with the following angles 
2Θ and crystallographic planes: 10.8� → (1 0 0), 25.8�→(0 0 2), 28.9�→ 
(2 1 0), 31.7�→(1 1 2), 32.9�→(3 0 0), 39.8�→ (1 3 0), 40.4�→(2 2 1), 
46.7�→(2 2 2). Ion implantation has no influence on the positions and 
shapes of the diffraction maxima in HA. 

According to the X-ray phase analysis, the diffraction patterns of 
composite PLA/HA 80/20 before and after ion implantation contain 
reflexes typical of both polylactic acid and hydroxyapatite. Two 
diffraction lines are typical for PLA: 2Θ ¼ 16.6⁰; 19.1 ⁰. Hydroxyapatite 
is characterized by the following set of diffraction lines: 2Θ ¼ 25.8⁰, 
31.7⁰; 32.9⁰. The crystallographic parameters correspond to the hy-
droxyapatite of the composition Ca10(PO4)6(OH)2. It was found that, 
there are no new reflections and shifts of diffraction lines after ion im-
plantation, which indicates the preservation of the phase composition 

and crystallographic identity of the original components. The degree of 
crystallinity of composite PLA/HA increases from 63% to 68% after Ag 
ion implantation (Table 4). It has been shown that in semi-crystalline 
polymers irradiated with high-energy ions, a decrease in the degree of 
amorphization is observed [30]. This phenomenon is due to several 
factors. For example, radiation causes compression of polymer chains 
during propagation of ions through the polymer, thereby reducing the 
volume of pores inside it. In this work, after irradiation of the surface of 
the composites with silver ions, an increase in the porosity of the surface 
layers of the polymer is observed (Fig. 8, e). In addition, irradiation leads 
to increase of crystallite size due to radiation heating [31]. Another 
factor could be the rearrangement of macromolecules dangling during 
irradiation at the interface between the amorphous and crystalline 
phases [32]. 

3.2. Morphology and wettability 

Fig. 8 shows micrographs of the surface of the PLA obtained by 
scanning electron microscopy. The result of ion implantation is a change 
in the morphology and surface topography of polylactic acid. In the 1 �
1016 ion/cm2 Ag-implanted PLA subsurface layer (Fig. 8, b), metallic 
silver particles were detected. According to the TEM results, it was found 
that when irradiated with silver ions, metallic nanoparticles with an 
average size of 2–3 nm are formed in the surface layer of the PLA [14]. 
According to the SEM data, pores are formed on the surface of PLA/HA 
80/20 composites after implantation with silver ions. 

It is known that wettability plays an important role in biochemical 
processes occurring on the “bond tissue-liquid” interface. Measurements 
of PLA surface contact angle were carried out by the sessile drop 
methods at the contact with three liquids: water, glycerol, and ethylene 

Fig. 7. Diffraction patterns of the initial and 1 � 1016 ion/cm2 Ag-implanted.  

Table 4 
XRD data for the initial and Ag-implanted PLA, HA, PLA/HA samples.  

Sample XRD-analysis 

Coherent scattering region Degree of 
crystallinity 

PLA HA 

PLA initial 13 63 – 
PLA þ Ag 1 � 1015 ion/cm2 17 70 – 
PLA þ Ag 1 � 1016 ion/cm2 19 74 – 
HA initial 20 – 95 
HA þ Ag 1 � 1015 ion/cm2 19 – 96 
HA þ Ag 1 � 1016 ion/cm2 12 – 100 
PL/HA initial 13 63 81 
PLA/HA þ Ag 1 � 1015 ion/cm2 9 75 76 
PLA/HA þ Ag 1 � 1016 ion/cm2 24 68 70  

Fig. 8. SEM-images of the initial and Ag-implanted PLA, HA, PLA/HA samples: 
a) initial PLA, b) PLA þ Ag 1 � 1016 ion/cm2, c) initial HA, d) HA þ Ag 1 � 1016 

ion/cm2, e) initial PLA/HA 80/20, f) PLA/HA 80/20 þ Ag 1 � 1016 ion/cm2. 
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glycol. For the ion implanted PLA samples, a linear tendency to the 
contact angle increase with the fluence was observed in the case of 
contact with water and ethylene glycol (Fig. 9a and b). In total, the 
material became more hydrophobic after ion implantation. 

Hydroxyapatite is a moisture-absorbing material; therefore, several 
contact angle measurements on its surface were carried out for 3 s after 
drop application, average volumes were taken. A strong tendency to 
water angle enhancement from 47� to 86� (Fig. 9, a) with increase of the 
ion fluence was observed for silver implanted hydroxyapatite. In the 
initial state, hydroxyapatite is oleophobic material, the contact angle 
with glycerol is 102� (Fig. 9, b). The values of glycerol contact angle for 
ion implanted hydroxyapatite are slightly different from the initial one. 
When HA samples are wetted with ethylene glycol, a linear tendency to 
contact angle decrease from 63� to 40� is observed, hence the material 
becomes more hydrophilic (Fig. 9, c). The values of contact angles for 
composite material PLA/HA 80/20 are similar to pure PLA ones, the 
same tendencies occur: the contact angles of ion implanted PLA/HA 80/ 
20 samples slightly enhance when wetted with all the liquids (water, 
glycerol, ethylene glycol) (Fig. 9a and b, c). 

Surface energy contains two components: dispersion (van der Waals 
forces and other non-specific interactions) and polar (strong interactions 
between surface atoms and adsorbed liquid molecules and hydrogen 
forces). It was established that silver ion implantation of PLA samples 
leads to a decrease in the polar part and an increase in the dispersion 
component, while the total surface energy of the PLA decreases from 
36.3 mN/m to 26.9 mN/m with increase of the fluence (Table 5). 

It should be noted that the total surface energy of hydroxyapatite is 
decreased from 80.96 mN/m to 22.59 mN/m with the silver ion fluence 
increasing to 1 � 1016 ion/cm2. This is accompanied by an increase in 
the dispersion component and decrease in the polar component 
(Table 5). It was established that the polar component of the surface 
energy of the silver ion implanted PLA/HA 80/20 decreases and the 
dispersion component increases (Table 5), while the total surface energy 
does not undergo significant changes. 

Fig. 9. Contact angles of PLA, HA, and composite PLA/HA 80/20 at the contact with a) water, b) glycerol, c) ethylene glycol.  

Table 5 
Surface energy and its components for PLA, HA, PLA/HA 80/20.  

Sample Surface energy, mN/m 

Polar Dispersion Total 

PLA initial 31.16 � 1.07 5.15 � 0.38 36.30 � 1.45 
PLA þ Ag 1 � 1015 ion/cm2 21.46 � 0.93 9.45 � 0.62 30.91 � 1.55 
PLA þ Ag 1 � 1016 ion/cm2 12.95 � 0.68 13.95 � 0.69 26.90 � 1.37 
HA initial 79.4 � 3.99 1.01 � 0.15 80.96 � 4.04 
HA þ Ag 1 � 1015 ion/cm2 60.79 � 3.03 0.75 � 0.11 61.53 � 3.07 
HA þ Ag 1 � 1016 ion/cm2 6.89 � 0.34 15.7 � 2.35 22.59 � 1.12 
PL/HA initial 19.88 � 1.07 12.85 � 0.79 32.73 � 1.86 
PLA/HA þ Ag 1 � 1015 ion/cm2 12.86 � 0.80 23.54 � 1.10 36.40 � 1.89 
PLA/HA þ Ag 1 � 1016 ion/cm2 13.91 � 0.74 16.71 � 0.84 30.62 � 1.58  

Table 6 
Functional characteristics of polylactic acid, hydroxyapatite, and composite 
PLA/HA 80/20 samples before and after silver ion implantation.  

Sample Functional properties 

Microhardness, MPa Surface resistivity, Ohm 

PLA initial 510 1.3 � 1013 

PLA þ Ag 1 � 1015 ion/cm2 340 6.3 � 1011 

PLA þ Ag 1 � 1016 ion/cm2 310 5.4 � 107 

HA initial 340 5.4 � 107 

HA þ Ag 1 � 1015 ion/cm2 270 4.5 � 107 

HA þ Ag 1 � 1016 ion/cm2 228 1.2 � 108 

PLA/HA initial 320 7.2 � 1012 

PLA/HA þ Ag 1 � 1015 ion/cm2 330 6.7 � 109 

PLA/HA þ Ag 1 � 1016 ion/cm2 430 2.2 � 107  
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3.3. Functional properties 

Physical-mechanical properties such as microhardness and surface 
resistivity are significant for the quality evaluation of materials for 
biomedical applications. Microhardness values of the initial and ion 
implanted PLA, HA, PLA/HA 80/20 samples at the load of 0.5 mN are 
presented in Table 6. The microhardness of PLA after ion implantation is 
established to be decreased by the factor of 1.5 in comparison with the 
initial state. The decrease in microhardness can be associated with an 
increase in the amorphous regions, as well as with processes of macro-
molecule destruction. Under the influence of ion irradiation on polymers 
an intensive thermal action takes place, which leads to the restructuring 
of the material and the degree of crystallinity decreasing. Silver ion 
bombardment is shown to be resulted in HA microhardness decrease 
from 340 MPa to 228 MPa while fluence increasing. The initial value of 
microhardness for PLA/HA 80/20 composite material is approximately 
congruent to the initial PLA one due to small content of calcium phos-
phate component. When silver ion treatment of the composite, the 
enhancement of microhardness from 320 MPa to 430 MPa at the fluence 
of 1 � 1016 ion/cm2 is observed. 

Surface resistivity of the initial PLA is 1.3 � 1013 Ohm. Silver ion 
implantation leads to the PLA surface resistivity decrease by the factor of 
5 (ρ ¼ 5.4 � 107 Ohm). Surface resistivity of polylactic acid- 
hydroxyapatite-based composite undergoes similar changes as pure 
polylactic acid one. The conductivity of PLA/HA 80/20 composites in-
creases by orders of magnitude with the fluence increase. It should be 
noted that surface resistivity of the initial HA is minimal for the inves-
tigated materials (ρ ¼ 5.4 � 107 Ohm). It was found that silver ion 
implantation does not influence significantly the HA surface resistivity, 
it changes within the same order. Table 6 reveals the tendency to the 
surface resistivity decrease with the non-organic component enhance-
ment in the composite content. The implanted silver ions form the 
metallic particles which promote the electrical conductivity enhance-
ment. On the other hand, ion implantation contributes to the increase in 
the content of carbon atoms in polylactic acid (Table 2). Hence, the two 
factors contribute to the increase in electrical conductivity: the forma-
tion of metal clusters and the increase in atomic concentration of carbon, 
which is an electrically conductive. 

Cytotoxicity analysis in vitro of macrophages after adding of the test 
samples (Fig. 10) reveals that cell viability in the presence of the initial 

PLA is comparable to the control sample (silicon glass). Negative effect 
of hydroxyapatite in the PLA/HA composite on the viability of macro-
phages is observed. With the ion fluence increase, the viability of mac-
rophages decreases in presence of all the samples (PLA, PLA/HA), but it 
still remains significantly higher than the negative control, most of the 
cells retain viability. 

4. Conclusion 

The effect of silver ion implantation at the fluence of 1 � 1015 and 1 
� 1016 ion/cm2 on the physicochemical and mechanical properties of 
polylactic acid, hydroxyapatite, and composite material of PLA/HA 80/ 
20 has been investigated by several methods. It is shown that surface 
treatment with silver ions affects the energy state of the surface of the 
materials. 

According to the XPS data, implanted silver forms metal nano-
particles in the subsurface layers of the polymer or hydroxyapatite 
matrixes. The bond ratios in the C1s spectra are changed due to polymer 
chain scission, cross-linking and oxidation processes during ion im-
plantation. According to the IR-spectroscopy, the intensities of charac-
teristic lines for all the investigated materials are decreased, which is 
probably due to the formation of silver particles in the pores of the 
samples. The degrees of crystallinity of polylactic acid, hydroxyapatite 
and composite PLA/HA 80/20 are increased after silver ion 
implantation. 

Ion beam treatment contributes to a change in the surface wettability 
of polymer and composite materials at the contact with polar (water, 
ethylene glycol) and non-polar (glycerin) liquids. A linear tendency to 
the contact angle increase with the fluence increase is observed; there-
fore, the materials after ion implantation acquire hydrophobic proper-
ties. Moreover, the total surface energy of Ag-implanted materials is also 
decreased due to a change in the ratio of its components: the polar 
component of the surface energy decreases while the dispersion 
component becomes dominant. The microhardness values of PLA, HA 
and PLA/HA 80/20 were established to be decreased after the silver ion 
implantation with the fluence increasing, which is associated with the 
processes of destruction due to the polymer chain scission. Intense local 
thermal effects under the influence of ion irradiation on polymers and 
composites may leads to the restructuring of the material and the 
decrease in the regions with ordered arrangement of macromolecules. 
The surface resistivity reduces after silver ion implantation of polylactic 
acid and PLA/HA 80/20 composite by the factor of 5, which may be due 
to the formation of conductive clusters of metal and carbon on their 
surface. Cell viability is observed to be stable in the presence of the 
initial PLA sample and decreased in the presence of hydroxyapatite (HA) 
in the PLA/HA composite and after ion implantation for all the samples. 
Thus, ion implantation negatively affects the viability of macrophages. 
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