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a b s t r a c t

Surface modification of poly(L lactide) (L-PLA) and polycaprolactone (PCL) bioresorbable polymers by
radio-frequency thermal glow discharge plasma is reported. Improved biocompatibility of L-PLA and PCL
materials was obtained by employing hydroxyapatite target sputtering in Arþ plasma as evidenced by
the change of L-PLA and PCL properties from highly hydrophobic to hydrophilic, with absolute
wettability obtained for both materials, and enhanced cell line EA-hy 926 attachment to modified
surfaces. Surface roughness and surface free energy were found to increase significantly for both
polymers under prolonged plasma exposure and, a longer chain aliphatic PCL were found to display a
marginally better post plasma-treated biocompatibility compared to L-PLA.

& 2014 Published by Elsevier B.V.

1. Introduction

Applications of biodegradable materials such as poly(L-lactide)
(C3H4O2)n (L-PLA) and polycaprolactone (C6H10O2)n (PCL) in an
environment where attachment and proliferation of living cells is
important necessitate specific surface properties, namely, the
surface roughness, to be within tens of nm (normally in 20–
80 nm range and tailored to a specific cell line) and to be highly
hydrophilic [1]. Although surface topology and physio-chemical
properties have a major influence on the attachment of cells
determining cell polarisation, cell morphology, spatial orientation
of cell's cytoskeleton components, the degree of order of intracel-
lular transport and many other important parameters [2]. Recent
experimental findings indicate that plasma surface treatment of
L-PLA and PCL polymers increases surface roughness and reduces
surface free energy and improves attachment of various biological
cells on the surface [3]. However, despite a range of plasma
treatment methods available (i.e. thermal and non-thermal plasma
corona discharge, dielectric barrier discharge, etc.) inherent hydro-
phobicity and high surface-free energy properties of L-PLA and PCL

are still poorly mend able in a controlled manner and hinder many
applications [4,5]. While non-thermal plasma surface treatments
are preferred for simplicity, modification of L-PLA and PCL under
thermal plasma conditions remains less popular owing to inherent
difficulties associated with identifying appropriate plasma condi-
tions and complimenting target material(s) for a specific (bio)-
material surface treatment.

In this Letter we report a pilot study on the effects of treatment
of L-PLA and PCL polymers by a radio-frequency (RF) glow discharge
plasma operated under Arþ target sputtering mode to reduce
hydrophobicity and surface-free energy towards improving living
cell affinity. Hydroxyapatite (HA) Ca5(PO4)3(OH) was selected as a
sputter target owing to HA natural (bio)-compatibility and ability to
facilitate biological functions of various implant materials by plasma
sputtering processes [6–8]. A dielectric HA serves as an ideal target
material for an RF excited, plasma-assisted, sputtering of L-PLA and
PCL to form a (bio-)ceramic/(bio-)resorbable polymer interface in
support of live cell attachment studies.

2. Materials and methods

PURASORBs PL65 (Corbion Purac) with inherent viscosity (IV)
at midpoint IVL-PLA¼6.5 dL/g, and Policaprolactone PURASORBs
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PC12 IVPCL¼1.2 dL/g (Corbion Purac) were used as precursors to
prepare a 4% solution of L-PLA and PCL polymers, respectively, in
dichloromethane CH2Cl2 (DCM) (Panreac Química S.L.U.). A 4%
polymer solution of 12 (71) g was casted at room temperature
(RT) into a glass vial to solidify. After 24 h when most of DCM was
vaporized, the polymer films were removed using Milli-Q water,
followed by air-drying at 35 1C for 24 h. As-prepared L-PLA and PCL
polymer films were treated in an RF glow discharge plasma
following the recent work Tverdokhlebov et al. [9]. In addition
the specific RF power was set to 5 W/cm2 to maintain electron
density within �109–1010 pp cm3 range and target-to-substrate
distance was extended to 16 cm to facilitate enhanced coagulation
of elemental plasma and target species under collision plasma
conditions. Film exposure to plasma was 30, 60 and 150 s.

Film surface topology was studied using atomic force micro-
scopy (AFM) (Solver—HV, NT-MDT) in air at RT under the tapping
mode; Gwyddion 2.25 package was used to estimate root mean
square values of surface roughness, Rms. Wetting tests were
performed with glycerol and Milli-Q water using a contact angle
goniometer (Easy Drop, KRÜSS GmbH); the surface free energy, γ,
was estimated using OWRK method [10]. Cell line EA-hy 926
provided by Cora-Jean S. Edgell, (University of North Carolina,
USA) were used in cell affinity studies with cells cultured for 72 h
employing the protocol described in Ref. [11]. The EA-hy 926 cells
were labelled using fluorescent cell linker dye PKH26 (Sigma-
Aldrich) and bis-Benzimide H 33342 trihydrochloride nucleic acid
stain (Sigma-Aldrich).

3. Results and discussions

Figs. 1 and 2 show the results of surface topology studies for
stock L-PLA and PCL samples (see Fig. 1a for L-PLA, Fig. 2a for PCL),
and for plasma-modified samples (see Fig. 1b–d for L-PLA, Fig. 2b–d
for PCL); AFM topographic images, 2D fluorescent map of labelled
EA-hy 926 cells; wettability images L-PLA and PCL with H2O and

glycerol droplets. A summary of topological features for stock and
plasma-treated L-PLA and PCL is given in Table 1, where changes
for Rms, contact angles of water, θH2O, and glycerol, θgl, surface free
energy, γ, including apolar, γLW, component accounting for Liftshitz/
van der Waals (LW) type interactions, polar, γAB, component
accounting for acid-base (AB) or donor–acceptor type interactions
and total cell population are displayed as a function of the exposure
time, t.

The obtained results indicate that the measured values for
surface roughness gradually increase to a maximum of �30 nm
for L-PLA and �70 nm for PCL with plasma exposure due to thermo-
chemical degradation of the polymeric material mostly caused by
increased presence of free H– bonds and plasma and target species
bombardment. The latter are reactive, positively charged CaOþ ,
Ca2þ , PHOþ , POþ , Pþ and negative charged (PO4–)3 species
sputtered out from the HA target which are attracted by the surface
of L-PLA and PCL. The result of these interactions is the formation of
an amorphous calcium aliphatic compound with significantly
altered populations of carbonyl (–C¼O), hydroxyl (–OH) functional
groups and, calcium-phosphate pre-nucleation layer on L-PLA and
PCL materials. Earlier, Boyd et al. confirmed the formation of the
amorphous phase developing at film growth stages for HA sputter-
ing on metal substrates [12].

We postulate that these processes occur simultaneously result-
ing in the formation of an amorphous (bio-)ceramic/(bio-)resorb-
able polymer interface such as a-Ca-(L-PLA)–O3 on L-PLA, and a-
Ca-(PCL)–O3 on PCL material. Plasma treatment of both L-PLA and
PCL materials gradually change their surface properties from
hydrophobic, with surface energy values of �20 mJ/m2 for L-PLA
and �30 mJ/m2 for PCL to largely hydrophilic, with a maximum
values of γ of �73 mJ/m2 reported for both materials indicating
absolute wettability. It is established that surface free energy of
hydrocarbons CnH2n�2 is strongly related to C– saturation, there-
fore the increase of hydrophilic properties in L-PLA and PCL
materials is be attributed to strong de-hydrogenation process
occurring during the plasma treatment.
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66 Fig. 1. AFM topology, 2D fluorescence of labeled EA-hy 926 cells and wettability for L-PLA samples for (a) untreated, and treaded in plasma for (b) 30 s (c) 60 s (d) 150 s.
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Moreover, since amorphous solids traditionally exhibit lower
surface energy values than crystalline counterparts, we postulate
that L-PLA and PCL surface properties undergo marked transition
from an amorphous to a crystalline state further supporting
the probability of formation of a (bio-)ceramic/(bio-)resorbable
polymer interface. The marked increase of γAB values for both
materials reveals that plasma treatment promotes high intermo-
lecular force interactions on the surface and have a minor,
insignificant, effect on apolar surface properties of L-PLA and PCL
materials.

The latter is evidenced by minimal changes of γLW component.
The reasons are twofold: one is the presence of local reactive
molecular domains participating in radical formation, molecular
cross-linking and/or C¼ bond formations on polymer surface
under plasma irradiation, the other are the interactions with the
positive (and neutral) species from the HA target noted earlier.
High intermolecular force interactions on plasma treated L-PLA
and PCL contribute towards the increase of C–O and O–C¼O

functional groups with additional O– ions supplied by the sacri-
ficial HA target.

We attribute a major increase of surface roughness in PCL
relative to L-PLA to inherent differences in their molecular struc-
ture: L-PLA while lacking a longer C¼C backbone is less predis-
posed to severe thermal and physio-chemical modifications than
PCL counterpart, and as PCL exhibits lower solubility, it is naturally
more prone to molecular crosslinking during processing. PCL
therefore displays more uneven surface with the most pronounced
(i.e. higher value) Rms under plasma treatment.

Living cell culture experimental the data are presented in
Table 1. It shows an increased affinity of EA-hy 926 cell attachment
to plasma modified surfaces and retrospectively indicates that the
increase of surface roughness and modification of surface func-
tional groups is beneficial to overall cell viability. Notably, a longer
chain aliphatic PCL polymer was found to display a marginally
better post plasma-treated biocompatibility compared to shorter-
chain L-PLA.
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Fig. 2. AFM topology, 2D fluorescence of labeled EA-hy 926 cells and wettability for PCL samples for (a) untreated, and treaded in plasma for (b) 30 s, (c) 60 s, (d) 150 s.

Table 1
Surface roughness, contact angle, surface free energy and total cell population values for stock (untreated) and samples treated in plasma for 30, 60 and 150 s.

Plasma exposure time, t (s) Surface roughness, Rms (nm) Contact angle Surface free energy Cell population

θH2O, deg θgl, deg γ, mJ/m2 γLW, mJ/m2 γAB, mJ/m2 ME (25%, 75%)

Poly(L-lactide) (L-PLA)
Untreated r5 8877 8476 2075 872 1272 409 (310; 471)
30 r5 4673 4575 5273 1372 4072 775 (711; 823)
60 r5 3473 4272 6572 771 5871 741 (696; 828)
150 3075 2474 3872 r73 671 6772 624 (487; 738)
Polycaprolactone (PCL)
Untreated 4075 7775 8573 3372 r5 3272 242 (174; 300)
30 4575 4273 4773 5674 1273 4572 417 (254; 694)
60 5575 3574 4076 6374 972 5372 501 (286; 669)
150 7075 1373 2574 r73 1172 6274 715 (663; 760)
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4. Conclusion

In summary, we have shown that surface properties of L-PLA
and PCL bioresorbable polymers can be successfully modified
employing thermal glow discharge plasma sputtering hydroxya-
patite target. Surface roughness, surface free energy could be
altered by plasma treatment to achieve maximum wettability of
L-PLA and PCL materials enhancing permanent cell line EA-hy 926
attachment. We postulate the formation of a (bio-)ceramic/(bio-)
resorbable polymer interface as the result of plasma-surface
interaction and suggest that the reported complimentary (bio-)
target sputtering approach is not exclusive to L-PLA and PCL
polymers, but can aid in modification of other bioresorbable
materials.
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