
Contents lists available at ScienceDirect

Surface & Coatings Technology

journal homepage: www.elsevier.com/locate/surfcoat

Surface property modification of biocompatible material based on polylactic
acid by ion implantation
I.A. Kurzinaa,⁎, O.A. Laputa, D.A. Zuzaa,b, I.V. Vaseninaa,c, M.C. Salvadoria,d, K.P. Savkinb,
D.N. Lytkinaa, V.V. Botvina, M.P. Kalashnikove

aNational Research Tomsk State University, 36 Lenin Ave, Tomsk 634050, Russia
b Institute of High Current Electronics, 2/3 Akademicheskii Ave., Tomsk 634055, Russia
c P.N. Lebedev Physical Institute, 53, Leninsky Prospect, Moscow, 119333, Russia
dUniversity of São Paulo, Matão Street, 1371-05508-090 - São Paulo, SP, Brazil
eNational Research Tomsk Polytechnic University, 30 Lenin Ave, Tomsk 634050, Russia

A R T I C L E I N F O

Keywords:
Biodegradable polymer
Polylactic acid
Ion implantation
Degree of crystallinity
Surface morphology
Cytotoxicity

A B S T R A C T

The investigations of the surface physicochemical and biological properties of polylactic acid modified by silver,
argon and carbon ion implantation to doses of 1 × 1014, 1 × 1015 and 1 × 1016 ion/cm2 and energies of 20 keV
(for C+ and Ar+) and 40 keV (for Ag2+) are described. X-ray photoelectron spectroscopy revealed that chemical
bond ratio in polylactic acid is alternated indicating that different chemical processes take place depending on
the implanted ion kind. Chemical reactions that occur during ion implantation of polylactic acid are proposed. X-
ray diffraction analysis shows the degree of crystallinity decrease for all the ion types that leads to microhardness
and elastic modulus decreasing. Silver is established to form metal nanoparticle into subsurface layer of poly-
lactic acid with the average size of 2–3 nm. It was shown by atomic force microscopy that the higher irradiation
doses the lower the surface roughness of polylactic acid that results in hydrophilicity improvement. The cyto-
toxicity investigation on three individual donor macrophages shows that Ag-implanted polylactic acid has no
negative impact on the immune system cells and can be very promising material for biomedical application.

1. Introduction

Biodegradable materials based on polylactic acid (PLA) are widely
used in biomedicine and tissue engineering because of their bio-
compatibility and their degradation to lactic acid in biological media
[1]. These properties determine the interest in use of PLA for the pro-
duction of biodegradable products with a short service life: self-ab-
sorbable surgical sutures, blood vessels, implants, biocompatible med-
ical preparations, etc. [2,3]. Despite a number of advantages, polylactic
acid has inert, hydrophobic surface due to the lack of specific functional
groups, as well as low free surface energy, which prevents the attach-
ment and proliferation of cells on surface [4]. This problem can be
solved by surface modification of PLA with different nature ions [5,6].

Surface modification techniques allow changing of the physical and
chemical properties of polymer materials with a wide range in the de-
sired direction. Methods of surface irradiation with different charged
particles are the most promising from the point of view of further ap-
plication of the materials since at the variation of the conditions, the
controlled surface property alteration occurs, without changing of the

bulk properties of the material [7]. Works on surface modification of
polylactic acid and composite materials based on PLA by electron
beams [8,9], using plasma flows [10,11], under the influence of laser
[12] and

γ-irradiation [13] are of interest. Low-temperature plasma treat-
ment is a perspective approach of surface modification of polylactic
acid and materials based on PLA. The important point of plasma pro-
cessing of PLA is the surface activation which is emergence of specific
functional groups, increase in roughness, increase in free surface energy
that leads to the material become more favorable for proliferation and
cell growth [14]. It has been shown [15] that plasma treatment of
polylactic acid surfaces causes roughness and increase in contact angle,
and, in turn, increased roughness was found to improve PLA bio-
compatibility [16]. Moreover, the electron beam treatment of polylactic
acid was established to result in a decrease in molecular weight by a
factor of 3, which is associated with the processes of polymer chain
scissions [17]. Changes in these properties can be essential for biome-
dical application of the polymer materials. By the way, other group
revealed that electron-beam treatment of PLA results in degree of
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crystallinity increasing and development of the mechanical properties
because of cross-linking and structural reorganization into the surface
layer of the polymer [18]. In our previous papers [19,20] it was re-
vealed that ion implantation and electron-beam treatment lead to
wettability improvement and surface energy enhancement, as well as
microhardness reduction and surface resistivity decrease.

Currently, the ion implantation of polymers is of a huge interest of
many researchers. Ion implantation significantly affects on physical and
chemical characteristics of the polylactic acid, at that the effects can be
more dramatic than at the treatment of the material with electron
beams and plasma flows. The possibility of different radiation processes
initiation (degradation / cross-linking of the polymer chains at low dose
implantation and carbonization of the polymer at the high dose im-
plantation) during ion irradiation allows to control mechanical, optical
and conductive properties of the polymer surface [21,22]. Polymer
chain scission accompanied by surface oxidation processes and new
functional group formation, which contribute to the material hydro-
philicity, occurs as a consequence of ion implantation [23]. Ion im-
plantation of carbon negative ions was found [24,6] to promote nerve-
cell attachment and nerve line regeneration. It was found [25] the ir-
radiation of gold and carbon negative ions allows controlling the sur-
face morphology, e.g. roughness, which directly affects the attachment
of neurons. Polylactic acid is widely used to build cell scaffolds for
tissue engineering, hence surface morphology and its effect on bio-
compatibility of PLA is of great importance. Certainly, attaching the
antibacterial properties to polymer materials is a current task, which
can be solved by introducing silver ions into the surface layer of the
material [26]. It was found that irradiation of PLA surface with inert
gases ions (He, Kr, Ar) at energies up to 150 keV at doses of
1 × 1014–1 × 1015 ions/cm2 results in cell adhesion improvement and
a super-thin films, as well as self-assembled cell sheet formation [27].
This technique is promising for wound healing and the development of
cellular technologies and clinical medicine.

The common problems and possibilities of changing the surface
properties of materials based on polylactic acid are stated generally in
the literature, while the most interesting questions are the chemical and
physical processes occurring in the surface layers of the material under
ion implantation. The effect of implantation of positively charged ions
of silver, argon and carbon has not been completely investigated; che-
mical reactions occurring in the conditions of ion-beam treatment have
not been proposed. Thus, this work is relevant today and is of scientific
interest in the field of surface modification. The aim of the work de-
scribed here was to study the influence of different ion nature im-
plantation (metal – silver, inert gas – argon, nonmetal – carbon) at
exposure doses of 1 × 1014, 1 × 1015, and 1 × 1016 ions/cm2 on the
surface physicochemical, functional and biological properties of PLA.

2. Materials and methods

2.1. Preparation of PLA samples

PLA samples were prepared by dissolving polylactic acid
([−ОСН(СН3)-СО-]n) with molecular weight of 250,000 g/mol in
chloroform at room temperature in a 7% solution [28]. The solvent was
then removed by drying at room temperature in a Petri dish to form
material with thickness ~1 mm, then the PLA plates were cut into
samples with area 10 × 10 mm2.

2.2. Ion implantation

Ion implantation was done using a facility incorporating our Mevva-
V·Ru vacuum arc ion source [29]. This implantation facility operates in
a repetitively pulsed mode with repetition rate 10 Hz and pulse dura-
tion 250 μs. Ion kinds used in the present work were Ag, Ar and C.
Charge state distributions of the ion beams were measured by a time-of-
flight mass-to-charge spectrometer [30]. In this kind of ion source,

gaseous ions are singly ionized and hence we used Ar+ ions. Metal ions
are in general multiply ionized; for carbon the charge state of the ex-
tracted ion beam is singly ionized C+, while for silver the mean charge
state of the extracted beam is 2 + .Thus the implantation beams include
Ag2+, Ar+ and C+ ions. Since the ion source extraction voltage was
always 20 kV, the ion beam energies were 40 keV, 20 keV and 20 keV,
respectively. For Ar+ ion generation we used the same ion source but
somewhat modified to form a hollow cathode glow discharge mode
[31]. Implantations were carried out to accumulated doses of 1 × 1014,
1 × 1015, and 1 × 1016 ions/cm2. The implantation dose rate and
average power density at the PLA target were adjusted by the ion beam
current and pulse repetition rate, and were 1 × 1011 ions/(cm2·sec) and
0.5 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 was maintained by an oil-free high-
vacuum cryogenic pump.

2.3. Characterization techniques

The surface elemental composition was studied by X-ray photo-
emission spectroscopy (XPS) using K-Alpha+ Thermo Scientific
Laboratory equipment with a KαAl source. The samples were mounted
on the standard 60 × 60 mm2 K-Alpha top plate using conductive
carbon tape or copper tape. The monochromated X-ray source was used
for XPS analysis; this offers a user-selectable spot size from 30 to
400 μm, in steps of 5 μm. The 400 μm X-ray spot was used for high
sensitivity and rapid analysis. The standard charge compensation
system, employing very low energy electrons (~0.1 eV) and ions, was
used during analysis. Cluster cleaning with the Monatomic and Gas
Cluster Ion Source (MAGCIS) was performed on the samples. Phase
composition was investigated by X-ray diffractometer XRD-7000S,
Shimadzu with a KαCu source.

Surface morphology was studied by atomic force microscopy (AFM)
using an NTEGRA Aura scanning probe microscope in tapping mode.
The probe NSG01 of NT-MDT Spectrum Instruments with resonant
frequency of 150 kHz, force constant of 5.1 N/m was employed, the
scanning area was 50 × 50 μm; for the analysis the Gwyddion software
was used. After survey the XY autoplane correction was performed.
Transmission electron microscopy was carried out with a Jeol JEM-
UC7. Samples were prepared using a Leica EM UC7 ultramicrotome,
with a thin section of the starting material fixed to a 3 mm diameter
mesh with an epoxy resin. Before placing the samples in the vacuum
chamber of the microscope, a graphite current-conducting coating with
a thickness of 1–2 nm was applied by magnetron sputtering. Water
contact angles were measured by a sessile drop technique using a Kruss
Easy Drop (DSA25) instrument. Mechanical properties of PLA (micro-
hardness and elastic modulus) were measured with a Nanotest 600
hardness testing instrument using Berkovich tip at a load of 0.5 mN.

Cellular investigation was performed to primary evaluation of cy-
totoxicity. Human immune system cell (monocyte) reaction was in-
vestigated by cell-mediated immune response to monocytes СD14+.
The monocytes from the blood of individual donors was separated [32],
then cells was cultured in the presence of the samples for 6 days at 37 °C
at the atmosphere of 7.5% CO2. Cells cultured without samples were
used as control. The viability of cells was assessed after cultivation
(evaluation of metabolic activity of cells). As a negative control (no
living cells), a X-VIVO serum-free medium with the addition of Alamar
Blue (volume of Alamar Blue/medium equal to 1/10) was used to
measure the fluorescence signal, which was incubated for 3 h at 37 °C.

3. Results

3.1. Elemental and phase composition

The elemental and chemical composition of the polylactic acid
samples implanted with silver, argon and carbon ions with an
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irradiation dose of 1 × 1016 ion / cm2 was carried out by X-ray pho-
toelectron spectroscopy and shown in the Fig. 1 [33,34]. According to
the XPS data, it is established that the basic chemical composition of the
surface of the PLA after implantation is preserved, no new bonds are
formed. However, depending on the type of implanted ion, the bond
ratio in C1s varies (Table 1). It was established that in the case of
bombardment of Ag2+ and Ar+ there is a decrease in the contribution

of the О-С = О (3) bond and increase of peak area for -О-СН (2) bond in
the C1s spectra of PLA. According to the presented lines in the XPS
spectra, corresponding to the specific chemical bonds in the polymer,
potential chemical reactions occurring in the surface layer during ion
implantation can be proposed. It can be assumed that the decrease in
the fraction of the carbonyl group О-С = О (3) up to 30% is due to the
processes of decarbonylation and decarboxylation in macromolecules

)b)a

)d)c
Fig. 1. XPS data C1s peak for initial and Ar-, Ag-, C-implanted PLA samples.

Table 1
The position of С1s lines and the content of bonds in polylactic acid (The numbers in brackets corre-
spond to the number of carbon and oxygen atoms in their various interactions according to the struc-
tural formula of the PLA).

 

Bond ratio in the C1s XPS spectrum, at. % 

CH
3
-С (1) -О-СН- (2) О-С=О (3) 

Sample 

Binding energy, eV 

285.00 286.98 289.06 

PLA initial 71 16 13 

PLA + Ag 1 × 1016 ions/cm2 76 20 4 

PLA + Ar 1 × 1016 ions/cm2 68 25 7 

PLA + C 1 × 1016 ions/cm2 53 21 26 
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(Fig. 3, schemes 1,2). When implanted with Ar+ and C+ ions, the ratio
of CH3-С (1) bond in the C1s spectrum is decreased due to polymer
chain break and free radial formation. The appeared free radicals then
can restore by cross-linking mechanism (Fig. 3, scheme 3). For C+-
implanted PLA, the surface is oxidized accompanied by the C1s О-С=О
(3) bond ratio increase twice. Alongside with that in case of Ar + im-
plantation, the enhancement of -О-СН- (2) bond ratio in C1s of PLA is
observed, which is associated with cross-linked macromolecule forma-
tion (Fig. 3, scheme 3).

Silver after ion implantation had been established to be in the me-
tallic state, without forming a chemical bond with other atoms of the
polymer (Fig. 2, a). The binding energy (Еb (Ag3d5/2) = 368,0 eV, Еb

(Ag3d3/2) = 374,1 eV) of the silver atoms corresponds to the electrons
at the 3d level of silver in zero oxidation state (metallic state of silver).
The literature shows that metal nanoparticles may be formed under
conditions of implantation of metal ions [35,36]. We assumed the for-
mation of cation-pi interaction as a result of implantation of silver ions

in PLA and formation of silver nanoparticles in the polymer matrix
(Fig. 3, scheme 4). For Ar+-implanted PLA sample, it was found low
content of implanted argon atoms (~0.6% by XPS). The Ar2p spectrum
of argon contains two lines corresponding to the spin orbital compo-
nents of Ar2p1/2 and Ar2p3/2 (Fig. 2,b). When C+ ions are implanted,
the content of carbon are increased in the subsurface layer of PLA, but it
is impossible to recognize the carbon of polymer chain and carbon that
are embedded. In the ion implantation conditions, the C+ ions are
restored to the atomic state and aggregated into clusters or particles
(Fig. 3, scheme 5), as a result of which the atomic concentration of
carbon increases. Moreover, in the process of ion implantation, poly-
lactic acid undergoes radio thermolysis due to locally released energy in
the ion track, which leads to a massive CeH break and some portion of
CeC bonds (Fig. 3, schemes 1,2). The result is a gradual dehy-
drogenation of the polymer and the enrichment of its surface layer with
carbon and oxygen (oxidation); excess carbon clusters to form poly-
nuclear structures (Fig. 3, scheme 5).

ba

Fig. 2. XPS data Ag3d (a) and Ar2p (b) for Ag- and Ar-implanted PLA samples.

1)

2)

3)

4)

5)

Fig. 3. Proposed scheme of the processes taking place in the PLA under the conditions of ion-beam treatment.
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Structure of polymers contains alternate ordered (crystal) amor-
phous areas. A degree of crystallinity of polylactic acid in the initial
state depends on polymerization conditions. X-ray diffraction analysis
revealed that there are two dominant peaks, typical for L-lactic acid
isomer, correspondent to the angles 2Θ ≈ 19.1° и 16.9° and crystal-
lographic plane with the index (201), (110), respectively (Fig. 4). In
addition, there is a low-grade peak 2Θ ≈ 29.5°, specific for (020) plane,
in the initial and C-implanted samples, there is no such in other sam-
ples. The most stable form of poly-L-lactic acid is characterized by a
orthorhombic crystal lattice with the following parameters:
a = 10.66 Å, b = 6.16 Å, с = 28.88 Å [37]. The peak intensity de-
crease occurs depending on implanted ion species associated with PLA
crystallographic parameter alteration (interplanar distance, coherent-
scattering region, degree of crystallinity; see Table 2) during im-
plantation process. The degree of crystallinity is declined after ion
implantation with the exposure dose increasing for all ion species, the
maximum decrease is from 91% to 84% for 1 × 1016 ion/cm2 C-im-
planted sample. Implantation of silver ions leads to an increase in the
coherent scattering region up to 19 nm with an exposure dose in-
creasing. In samples modified with carbon and argon ions, a decrease in
crystallite size is observed, which does not change with an increase in
the dose of implantation.

Changes in the structural-phase state of polymer in the ion im-
plantation conditions are established to affect the surface mechanical
properties. The microhardness and the elastic modulus of PLA decreases
with the increasing of exposure dose and depend on the degree of
crystallinity of the material (Table 2). Under the influence of ion

irradiation, an intensive thermal action takes place in the surface layer
of a polymer, which leads to the restructuring of the material and re-
ducing of areas with an ordered arrangement of PLA macromolecules,
hence, the degree of crystallinity decreases.

3.2. Morphological characteristics

TEM images of PLA presented in Fig. 5 reveals that metal nano-
particles with average size of 2 nm and volume fraction of 15% are
formed in the surface when PLA is implanted with Ag2+. On the other
hand, areas with a lower packing density of macromolecules with the
average size of 10 nm are observed when the samples are Ar- and C-
implanted as well as in the initial state of PLA. The pore formation in
the initial material occurs when the solvent evaporates during the
crystallization process. After implantation with carbon and argon ions,
these pores are preserved; however, upon the implantation of silver
ions, the pores merge (“fuse”) and metal nanoparticles are formed. The
absence of pores in the silver implanted PLA samples can be explained
as follows. The average charge state of Ag ions in the experimental
condition is 2+, but for Ar and C ions this is 1+. The energy of silver
ions is higher and, therefore, the process of local heating of substrate
while ion implantation is more intensively that leads to pore dimin-
ishing. Moreover, the radius of silver ions is greater than carbon and
argon ion's one, which contributes to silver atom aggregation into the
surface layer and metal nanoparticle formation.

In Fig. 6 the atomic force microscopy images of initial and 1 × 1016

ion/cm2 Ag-, Ar-, C-treated PLA samples are shown (adopted from
[19]). The significant morphology modification was found to occur
while ion implantation, which are dependent on the implanted ion
kind. For all the implanted PLA samples, the roughness decreases with
the exposure dose increasing (Table 3). For C-implanted PLA samples,
the surface roughness is reduced from 167 nm for the dose of 1 × 1014

ions/cm2 to 125 nm for the dose of 1 × 1016 ions/cm2. When irradiated
with argon ions, the roughness is reduced by 2.5 times in comparison
with the initial sample (from 184 nm in the initial state to 76 nm for
1 × 1016 ions/cm2 Ar-implanted PLA sample). Since the energy impact
of silver ions during ion implantation is larger than for argon and
carbon ion treatment (40 keV for Ag2+ and 20 keV for Ar+ and C+), the
initial large surface defects are crushed into the smaller ones when Ag
ions are implanted. Therefore, the concentration of absorption centers
is enhanced that leads to water contact angle decrease and, hence, the
hydrophilicity increasing (Table 3). In addition to roughness, the con-
tact angle can be affected by oxidation and carbonization processes
during ion implantation. As it was shown earlier in this paper, ion-beam
treatment of PLA results in oxygen-containing bonds increasing
(Table 1) that promotes the hydrophilicity enhancement.

3.3. Biocompatibility of PLA

The primary evaluation of cytotocxicity with the macrophage of

Fig. 4. Diffraction patterns of initial and Ag-, Ar-, C-implanted PLA samples.

Table 2
Crystallographic parameters and mechanical properties of PLA before and after Ag, Ar, C ion-beam treatment.

Sample Coherent-scattering region, nm Degree of crystallinity, % Microhardness, MPa Elastic modulus, GPa

PLA initial 13 91 513,5 9,45
PLA + Ag 1 × 1014 ions/cm2 15 85 385,8 8,36
PLA + Ag 1 × 1015 ions/cm2 17 88 320,2 5,40
PLA + Ag 1 × 1016 ions/cm2 19 88 379,2 7,47
PLA + Ar 1 × 1014 ions/cm2 9 87 498,1 9,13
PLA + Ar 1 × 1015 ions/cm2 9 89 350,4 7,33
PLA + Ar 1 × 1016 ions/cm2 9 89 434,9 7,44
PLA + C 1 × 1014 ions/cm2 9 88 386,1 8,29
PLA + C 1 × 1015 ions/cm2 9 89 425,6 8,54
PLA + C 1 × 1016 ions/cm2 8 84 492,7 9,20
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three individual donors reveals that both initial and 1 × 1015,
1 × 1016 ion/cm2 Ag-implanted PLA samples benefit the immune
system cells (Fig. 7). The macrophage level after 6 days of culturing
with PLA samples is comparable to the control sample (pure glass). It
should be noted that when cells are interacted with Ag-implanted PLA
sample, the cell survivability is decreased in relation to control and
initial PLA sample, but the cells are rested alive. In addition, the
viability of macrophages naturally is decreased with the exposure dose
increasing, but in all samples (in the initial state and after ion im-
plantation) it remains significantly higher than negative control, most
cells remain viable. It was found that the amount of living immune
system cells is slightly diminished in the presence of Ag on the PLA
surface, however there is no sharp rejection of implanted material by
biological medium.

4. Conclusion

The effect of 1 × 1014, 1 × 1015, 1 × 1016 ion/cm2 Ag, Ar, C ion
implantation on the PLA surface physicochemical, mechanical and
biological properties was investigated. It was found that ion implanta-
tion influence on the elemental compound and structural-phase

composition. X-ray photoelectron spectroscopy revealed that chemical
bond ratio in PLA is alternated indicating that different chemical pro-
cesses (chain scission, free radical formation, gaseous product release,
cross-linking, and carbonization) take place depending on the im-
planted ion kind. Chemical reactions that occur during ion implantation
of PLA are proposed. The implanted silver does not form new chemical
bonds with polymer molecules and aggregate metal nanoparticles with
the average size of 2–3 nm into the PLA subsurface layer. XRD analysis
revealed that coherent-scattering regions of PLA are enhanced due to
ion bombardment and crystallographic parameter alteration. Moreover,
the degree of crystallinity of PLA is decreased after surface modification
that leads to mechanical properties (microhardness and elastic mod-
ulus) reducing. It was found out that the surface roughness increases
when the exposure dose enhances, herewith the initial large defects are
crushed into the smaller ones. The hydrophilicity enhancement is re-
vealed to be dependent on the increase in the concentration of oxygen
centers of adsorption and surface roughness. The primary evaluation of
cytotocxicity with the macrophage of two individual donors was carried
out and it was revealed that ion beam treated material does not nega-
tively influence on immune system cells and can be promising for
biomedical application.

)b()a(

)d()c(
Fig. 5. TEM images of PLA samples: a) initial; b) Ag-; c) Ar-; d) C-implanted with the dose of 1 × 1016 ion/cm2.
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