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Abstract: Materials used for medical applications (e.g., the cellular scaffold) should have not only
the specific chemical composition, but the surface layer properties as well. For this reason, a method
which enables an increase in the number of pores, wettability of the surface, and improvement
the conditions of nutrient transportation into the membrane is being studied. The plasma of a
dielectric barrier discharge was applied for the surface modification of polylactide obtained by dry
or wet phase inversion. The plasma-modified surface was analyzed by contact angle measurements
with water and diiodomethane. The surface free energy (SFE) was calculated by the Owens-Wendt
method. The highest SFE and its polar component (67.6 m]/ m? and 39.5 mJ/m?, respectively) were
received when the process was conducted in an Ar + CO, gas mixture with a discharge power of
20 W. The purpose of this research was to increase the wettability and porosity of the membrane’s
surface. It can be concluded that the dielectric barrier discharge can effectively change the surface of
the polylactide membranes, and that the structure of the modified membranes was not damaged
during modification. The process of modification was easier for the membranes made by dry phase
inversion. These materials had higher SFE values after the modification.

Keywords: polylactide; scaffold; dielectric barrier discharge plasma; plasma modification

1. Introduction

The use of a biomaterial which allows cells to grow on it creates the possibility of
preparation of adequate tissue in laboratory conditions in the future. The tissue grown on
biomaterial will be able to replace damaged parts of the human body. Cellular scaffolds
should be the mechanical support for cells and tissues. Scaffold ought to merge multiply-
ing cells, regulate their progression and diversification, and affect their size and shape.
Polymeric membrane surfaces are characterized by a small number of poorly connected
pores, so it is hard for tissues to penetrate them. Moreover, it makes the transport of
nutrients and metabolites difficult [1]. For this reason, a method which allows the increase
of the number of pores, wettability of the surface, and improvement of the conditions of
nutrient transportation into the membrane is being studied. The main direction of this
research is to develop methods for the surface modification of polymeric materials that will
enable the increase of their surface roughness, adhesive strength, wettability, and number
of built-in functional groups.

Chemical and physical methods are used to modify the surface of polymeric materials.
The chemical methods mainly consist of immersion of the modified material in highly
oxidizing liquids [2]. The main disadvantages of such techniques are the corrosive impact of
the used liquids, high consumption of water used during flushing of the modified material,
significant environmental contamination with aggressive chemicals, low productivity of
the modification processes, and high process costs.

There are many physical methods [3,4]. One of them is modification with low-
temperature plasma. The advantages of plasma processes are the relatively low operating
costs and simple construction of the reactors used for modification.
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Polymer materials used in tissue engineering can be divided into natural and syn-
thetic types [5]. The most commonly used polymer materials are easily processed and
bioresorb to nontoxic substances, such as carbon dioxide and water. Among the large
group of biomaterials used to produce three-dimensional scaffold biodegradable poly-
mers, polylactide (PLA), polyglycolide (PGA), polylactide-glycolide (PLGA) copolymer,
and polycaprolactone (PCL) deserve special attention [6-8].

Polylactide is a frequently used biodegradable polymer. It is thermoplastic, has good
mechanical properties, and is completely biodegradable and biocompatible. PLA is ob-
tained from lactic acid by two methods: ring-opening polymerization and direct polycon-
densation [9]. In recent years, one of the methods of plastic modification used in material
engineering and medicine has been plasma electric discharge [10-20]. The main purpose
of modifying the surface layer of polymeric materials is to improve the wettability and
adhesive properties.

The use of plasma modification is an effective and economical surface treatment
technique for many polymer materials. The advantage of this method is the ability to
induce a selective change of the surface properties. The use of various gases such as argon,
oxygen, nitrogen, fluorine, carbon dioxide, or water vapor allows the creation of unique
surface properties, depending on the type of polymer used. The use of oxygen plasma can
increase the surface energy of polymers, while the action of plasma generated in fluorine
can reduce the surface energy and improve the chemical resistance. By using plasma
generated in an inert gas, the polymer surface can be crosslinked [21].

The use of plasma jet discharge has also reduced the hydrophobicity of polymeric
materials. Polypropylene (PP-H), acrylonitrile butadiene styrene (ABS), and high im-
pact polystyrene (HIPS) polymers were treated in a plasma jet reactor in helium and air.
There was no effect by an increase of the gas flow rate and the concentration of air in the
gas on the change of the contact angle. The plasma exposure time on the sample’s surface
was 30 s [12].

The types of discharge most commonly used on an industrial scale to produce low-
temperature plasma at atmospheric pressure and room temperature are a corona discharge
or a dielectric barrier discharge (DBD) [22-24]. A DBD is often applied in the modification
of surfaces because it can be used in a wide range of pressures, gases, and discharge powers
with a limited value of energy, which reduces the possibility of damaging materials during
modification. The aim of this work was to investigate the effect of the low-temperature
plasma of a DBD on the changes occurring on the surface and in the inner structure
of membranes for medical applications. The change of these parameters was intended
to increase the wettability of the scaffold’s surface. The finished scaffold modification,
plasma source, and gas composition in which it was generated are the novelties of the
study. The influence of the exposure time, type of gas, and discharge power on the
surface properties were tested. The effect of DBD plasma on the membrane’s surface
was determined by the changes of the surface free energy (SFE), as well as the polar and
dispersion components.

2. Experimental
2.1. Plasma Source

PLA membranes were modified in DBD plasma in the following CO, and Ar mixtures:
50%y1, AT + 50%,01. air or 50%y). AT + 50%y,01, CO2. Multax 5N gases were used to conduct
the process. The gas composition was regulated by Bronkhorst mass flow controllers
(Figure 1). The gas was introduced by the inlet in the high-voltage electrode and had to
flow through the sample and porous electrode to leave the reactor. The gas flow rate in
all the experiments was 20 N1/h, the discharge power was in the range 15-50 W, and the
exposure time was 15, 30, or 60 s. The effect of the DBD plasma and process parameters on
the PLA membrane’s surface was investigated.
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Figure 1. The scheme of the system for polylactide (PLA) membrane modification.

The reactor had a porous, metal grounded electrode, on which a modified membrane
was placed. The dielectric was located on the high-voltage electrode. The discharge gap
was 3 mm wide (Figure 2). The reactor was supplied with a multipulse alternating current
of 30 kHz for 4 ms with an 8 ms interval. The average discharge power varied in the range
of 10-50 W.

gas inlet 2

gas outlet

Figure 2. The scheme of the reactor. The arrows indicate the direction of the gas flow. 1 = gas
inlet, 2 = high-voltage electrode, 3 = dielectric barrier, 4 = discharge gap, 5 = modified sample,
and 6 = grounded electrode [25].

2.2. Analytical Equipment

The surface of the modified scaffold was tested by measuring the contact angle with
a microQ FMAOQ37 industrial digital camera. Water and diiodomethane were used as
measuring liquids. The polar component (pm), dispersion component (dm), and surface
free energy (SFE) were calculated by the Owens—Wendt method. The analyses of the raw
and modified samples were also performed by the FTIR-ATR method using a Nicolet
6700 spectrometer with a Specac Quest ATR diamond accessory. The morphology of the
membranes and the surface modification texture were examined via scanning electron
microscopy (SEM) with a Hitachi TM1000 microscope. Before testing the membrane,
the samples were immersed in ethanol, placed in a liquid nitrogen bath, and broken into
1 x 0.5 mm pieces. After drying, the samples were covered with a 7-10 nm gold layer using
a K550X sputter coater. The gold-plated samples were tested using 300 x magnification
under a 15 kV acceleration voltage.
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2.3. Preparation of Scaffolds

The scaffolds were made of poly-L-lactide with Mn = 86,000 g/mol Nature Works
NW 2003D. The scaffolds were made by the wet and dry phase inversion methods [26].
Chloroform, ethanol, methanol, and butanol (chemically pure (AR quality) and made by
POCh S.A.) were used as solvents. Solutions of 6% PLA in chloroform were obtained
by dissolving the polymer for 24 h. Membrane I (MI) was obtained by the wet method.
The PLA solution was spread on the surface of the crystallizer. After that, methanol
(a solvent in which the polymer was insoluble) was added to get the gelling bath. Then,
phase inversion occurred (the solvent from the polymer solution diffusing into the gelling
bath and the other solvent passing in the opposite direction). After removing the membrane
from the gelling bath, it was dried to remove the solvents. Membrane II (MII) was obtained
by the dry method. The mixture of methanol and butanol in a ratio of 1:1 was mixed with
the 6% solution of PLA in chloroform. Then, this mixture was poured on a glass primer.
After the formation of the membranes in the air and complete evaporation of the solvent,
both membranes MI and MII were round, with a diameter of 50 mm and a thickness of
0.7 mm.

The contact angles of the unmodified membranes were measured for the distilled
water and diiodomethane, and they were 47.7° and 24.1° for MI and 62.7° and 24.5° for
MII, respectively.

The SFE values of the materials before modification were 57.1 mJ/m? and 50.2 mJ/m?
for MI and MII, respectively. The change in the polar component was calculated as follows:

Ap =pm — pn @

where pm is the polar component of the membrane after modification and pn is the polar
component of the membrane before modification.

3. Results and Discussion
3.1. Effect of the Discharge Power on the Surface Free Energy and Its Polar and
Dispersion Components

The effect of the discharge power generated in carbon dioxide on the polar and
dispersive component and the surface free energy of the membranes MI and MII was
investigated. The tests were carried out using an exposure time of 15 s and a discharge
power of 15-50 W.

As the discharge power increased, the surface free energy and polar component
increased, and the dispersion component decreased. With a discharge power above 20 W,
the SFE and polar component decreased. At a discharge power of 20 W, the surface free
energy reached its highest values, equal to 66.1 mJ/m? and 64.2 mJ/m? for membranes
MI and MII, respectively. The lowest increase of the SFE was 8% for MI and 10.5% for
MII, compared with the unmodified sample. The polar component and SFE were higher
for MI than MIL The plasma modification process was effective in the used discharge
power range.

It was also found (Figure 3) that increasing the discharge power above 20 W harmed
the most important membrane parameter: the polar component. Ap decreased from 12.5 to
9.4 and from 19.1 to 10.5 for MI and MI]I, respectively. This was probably the result of
the change of the membrane’s surface size and the decay of the roughness caused by
melting the membrane’s surface. In the rest of the studies, the discharge power was 20 W,
the exposure time varied in the range of 15-60 s, and the gas composition, in which the
discharge was generated, was changed.
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Figure 3. The impact of the barrier discharge power generated in carbon dioxide on the change of
the polar component (Ap). The exposure time was 15 s.

3.2. Effect of the Used Gas on the Surface Free Energy and Its Polar and Dispersion Components

The effect of the gas composition on the SFE, polar and dispersion components,
and the change of the polar component (Ap) of membranes MI and MII was investigated.
The discharge power was 20 W, and the exposure time varied in the range of 15-60 s. It was
expected that the radicals generated in the plasma by CO; dissociation would react with
the surfaces of the membranes. This may have raised the concentration of the carbonyl
group on the scaffold surface. Moreover, excited argon etched the surface and may have
also initiated CO, dissociation.

It was observed that extending the modification exposure time of membranes MI
and MII in the plasma generated in argon increased the SFE and its polar component.
The modification of the MI conducted for 60 s allowed for a 20% increase of the value of SFE
compared with the unmodified sample to be obtained, while the polar component increased
from 21.4 mJ/m? to 36.3 mJ/m?2. A similar effect was observed for MII. The SFE of the
membrane modified for 60 s increased by 21% compared with the unmodified sample and
reached 61.0 mJ/m?. The change in the polar component indicates that the introduction and
formation of polar groups on the surface of the modified material improved the adhesive
properties. The increase of the polar component, which was interrelated with the polar
and induction effects, was a positive phenomenon. This effect will facilitate the wetting of
the surface with polar liquids (e.g., water or its solutions) [27]. The dispersion component,
responsible for London’s interactions, decreased in value for both membranes.

The polar component of MII after the modification in argon increased almost threefold,
reaching 27.8 mJ/m?. The value of the dispersion component changed to a much lesser
extent; it was 36.8 mJ/m? and 32.9 mJ/m? for exposure times of 15 s and 60 s (the dispersion
component of the unmodified membrane was 38.6 mJ/m?).

After the modification of MI in carbon dioxide, the best wettability was obtained after
15 s of exposure. The polar component value reached 34.0 mJ/m?, and the surface free
energy was 66.1 mJ/m?. The increase of the exposure time to 30 s caused the decrease of
the obtained values. A further extension of the exposure time to 60 s resulted in achieving
similar SFE values to when the process was conducted for 15 s. The differences between the
values achieved at 15 s and 60 s were approximately 0.7%. Similar relations were observed
during the modification of MIIL. The most effective modification of PLA scaffolds obtained
by the dry method was conducted for 15 s. The SFE value was 64.2 mJ/ m?, and the polar
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component was 30.4 mJ/m?, which was an almost threefold increase compared with the
unmodified material.

The effects of plasma modification of membranes MI and MII conducted for 30 s were
weak. The membranes were less flexible and more fragile, which is very unfavorable from
the application point of view.

Membranes MI and MII after the treatment with DBD plasma generated in a 50%y,].
Ar + 50%y,). air gas mixture had some of the highest SFE and polar components. All the
MI samples exhibited a significant increase of the surface free energy after modification.
The highest SFE value of 67.3 mJ/m? was obtained after 60 s of modification. The polar
component obtained under these conditions was 34.4 mJ/m? and increased approximately
60% compared with the unmodified membrane. With an increasing exposure time, the SFE
increased from 62.2 mJ/m? to 67.3 mJ/m?, and the polar component increased from
30.6 mJ/m? to 34.4 mJ/m?2. Similar relations were observed for MIL It was found that the
value of the SFE increased with an increasing exposure time. In the case of MII, the highest
polar component and SFE values (32.5 m]J/ m? and 60.6 mJ/m?, respectively) were obtained
when the membrane was modified for 60 s. It was also found that the difference in the
polar component values obtained for the exposure time in the range of 15-60 s did not
exceed 1 mJ/m? (Supplementary Materials).

The most favorable membrane properties were obtained as a result of plasma treatment
carried out in plasma generated in an argon and carbon dioxide gas mixture (50%.,). Ar +
50%y01. CO»). In the case of MI, the best modification effects were observed with the
shortest exposure time. After 15 s, the surface free energy was 64.3 mJ/m?, and the polar
component was 32.5 mJ/m?. Increasing the exposure time led to lower values of the SFE
and polar component.

For MII, the increase in the SFE value and the polar component was observed with
an increasing exposure time. The membrane after 60 s of modification had a surface free
energy of 67.6 mJ/m?, and the polar component increased more than threefold compared
with the material before modification, reaching 39.5 mJ/m?. The surface free energy and
polar component after modification achieved higher values for the membranes obtained by
the dry method than by the wet method.

The best properties of the membranes, characterized by the highest increase of the
value of the polar component Ap (which is responsible for the hydrophilic properties
(Figure 4)), were obtained after the modification of MIIL. The highest values of Ap were
obtained when the process was carried out for 60 s in an argon—carbon dioxide mixture.
The values of the SFE and the polar component were 67.6 mJ/m? and 39.5 m]/m?, respec-
tively, which was most likely the result of surface layer oxidation and the introduction of
new functional polar groups. These values correspond to those obtained by Jorda-Vilaplana
in a plasma jet in the air (SFE = 60 mJ/m?) [16].

N 15s 30s 60 s
25+
=
—
=20
=
« 151
ol
<7 101
0,
Z = g Jd|<€ 5 o 9|l £ g g
g 8 o ? 80 ¢ 8 9
< < i < ¢
< < <
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Figure 4. The effect of the used gas and exposition time on the polar component (Ap).
Discharge power =20 W.
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3.3. Test of the Durability of Modification of the Surface

The studies on the durability of the modifications were conducted for the samples
with the highest surface free energy values. Two samples of MII were modified in an Ar +
CO, mixture with an exposure time of 60 s and a discharge power of 20 W. Contact angle
measurements were made immediately after modification and 30 days later (Figure 5).
The sample after modification was kept in a tight string bag in air.

80
70
ES
60
50 +—F-
=
= 0TI T3 1
30+ H
20+ H
104+ H ‘]—(
0 - ,
SFE polar dispersion
component component
[[] unmodified membrane [ modified membrane

M 30 days after modification

Figure 5. The results of the durability tests of plasma modification in an Ar + CO, mixture with an
exposure time of 60 s and a discharge power of 20 W.

The analysis of the obtained results and literature data [15,16] allows us to state that
the plasma modification was not a permanent process. A significant reduction of the polar
component and an increase of the dispersion component to the value before modifica-
tion were observed. The SFE decreased by 13% compared with the sample shortly after
modification. This effect is unfavorable and could have been caused by the disappearing
of polar functional groups from the surface, drawn into the volume of the material [12].
However, the polar component of the membrane after 30 days was 6.5 m]J/ m? higher than
that before modification.

3.4. Analysis of the External Surface of the Membrane
3.4.1. Scanning Electron Microscope

The morphologies of membranes MI and MII and the surface modification textures
were examined. Surface 1 (S1) and Surface 2 (S2) formed during the preparation of the
scaffold. S1 was from the glass primer side, and S2 was from the air side. The fractures on
surfaces S1 and S2 were examined. The scanning area was approximately 10 mm? for each
surface and the fractures.

The SEM images (Figure 6) show the morphology of the PLA membranes obtained by
wet phase inversion. S1 had small pores. Moreover, the layer observed on the surface of the
unmodified membrane, which covered most of the pores and the surface itself, was very
rough. After modification, most of the pores were exposed, and the surface itself appeared
to be smoother. The fractures of the membrane had numerous small pores, and slight
differences in the image before and after modification were observed, since two separately
obtained samples were imaged. In contrast, the pores on the surface of S2 were much larger
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than the pores located in the deeper layers. The pores on the surface of S2 were mostly
covered, so this surface could be treated as being solid. After the plasma modification,
numerous large depressions were observed on S2.

~ Before modification

After modification
e PR e L o

Surface 1

TM-1000_8518 L x300 300um

TM-1000_6065

Fracture

Surface 2

TM-1000_8077 ¥300 300 um TM-1000_8512 L x300 300 um

Figure 6. The morphology of Membrane I (MI) obtained before and after plasma modification.

Based on the obtained SEM images of the PLA membrane MII (Figure 7), it was found
that S1 contained many more pores than S2. After the plasma modification, the area of
the pores increased, suggesting a slight melting of the membrane surface. In the fracture
of the sample, more pores were close to the membrane surface, and the surface itself
has numerous large depressions. That could increase the capillary forces, reducing the
water contact angle of the surface. This modification is very beneficial considering the use
of the membranes for medical purposes, as it would simplify the penetration of liquid
into the membrane. The fractures of the unmodified membrane and the membrane after
modification looked similar, and slight differences may have been a result of the fact that
they were two separate samples. S2 before and after modification was almost solid, and the
use of barrier discharge plasma slightly smoothed it.
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Figure 7. The morphology of Membrane II (MII) before and after plasma modification.

SEM testing of the materials after modification with DBD plasma showed that this
method did not damage the pores in the membrane fractures. After the process, slight
flooding of the pores on S1 was observed in the materials obtained by the wet and dry
methods. The surfaces appeared less rough but contained more deep pores. Such topog-
raphy can facilitate the diffusion of substances through the outer surface. During plasma
modification, the pores close to S2 were slightly melted.

3.4.2. FTIR-ATR Spectroscopy

The unmodified samples, as well as the samples shortly after modification, were tested
by FTIR-ATR analysis. Due to the high similarity of the results obtained, only an example
spectrum for the tested materials was presented. On the FTIR-ATR spectra of the membrane
surface after modification, no significant changes in the surface layer were observed
(Figure 8). This may have been because the material undergoing the modification had
oxygen-containing groups in its composition. Subsequent functional groups introduced
during the process had no significant effect on the appearance of the spectra.
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Figure 8. FTIR-ATR spectrum of the unmodified and modified samples.

The obtained results corresponded to those obtained by Hergelova, who studied the
PLA surface after modification in a diffuse coplanar surface barrier discharge by FTIR
spectroscopy. The results indicated that DBD plasma did not significantly affect the sample
surface. Two sharp peaks were observed at a wavelength of 1748 cm !, corresponding to
C = O stretching vibration in the group -O-C = O, and another at 1181 cm ™!, corresponding
to -CH-O- stretching vibration. The triplet at wavelengths of 1128, 1081, and 1044 cm !
indicates the presence of C-O stretching vibrations in the -CO-O group. Low-intensity
peaks at 2996 cm ! and 2945 cm~! were assigned to C-H stretching vibrations in the
CHj3 group [10].

Based on the obtained results, it was found that the method using DBD plasma could
be successfully used to modify the surfaces of polylactide membranes. Due to polylac-
tide’s special properties (biodegradability and biocompatibility), it is a good material for
applications in tissue engineering. To conduct cell cultures on scaffolds, it is necessary to
give appropriate surface properties, which can be obtained by plasma methods. Such mod-
ifications depend on many parameters (e.g., the type of gas in which the discharge was
generated, the type of modified material, and the exposure time).

The best results of the modification process were obtained for MIIL The increase of the
SFE, compared with the unmodified material, was about 34%, and the value of the polar
component increased more than threefold. The material was modified in an Ar + CO,
atmosphere with a discharge power of 20 W. Very favorable results were also obtained for
MII when modified in carbon dioxide and an equimolar mixture of argon and air.

For the scaffolds obtained by the dry method, it was observed that the plasma effect in
an atmosphere containing CO, was more effective than in an atmosphere with a reduced
content of oxygen or inert gas. As a result of the modification in the Ar + CO; atmosphere,
the contact angle of the membrane surface with water was smaller than that of the material
after modification in an atmosphere of CO, and the unmodified membrane.

The high value of the polar component indicates the formation of new polar groups on
the surface of the material, which is a positive phenomenon and proves that the conducted
modification process is favorable for tissue engineering. These polar groups are mainly
oxygen-based species [28]. The wettability of the material increases, and its hydrophilic
character increases. For most of the studied MI surfaces, a significant increase in the SFE
and polar component were observed when they were modified in argon and for a 60 s
exposure time. It was found that the obtained membranes after modification showed
higher hydrophilicity and were more wettable with polar liquids; however, their porous
structures were not damaged.

The highest values of the surface free energy and polar component were obtained
when the process was conducted at a 20 W discharge power. A further increase of the
discharge power did not have a positive effect on the wetting with polar liquids. Moreover,



Appl. Sci. 2021, 11, 1815 11 of 12

the material modified with a discharge power exceeding 30 W had a lower strength,
was more fragile, and lost important mechanical properties.

4. Conclusions

1.  The plasma of the dielectric barrier discharge influenced the surface of the polymer
membranes and allowed the increase of its hydrophilicity;

2. The highest values of the SFE and polar component were obtained for a 20 W DBD
discharge power. Exceeding this value caused the deterioration of important mechan-
ical properties;

3.  The modification was conducted in argon, carbon dioxide, and 50%y). Ar + 50%y1.
air and 50%.,0). Ar + 50%;,;. mixtures. CO, caused an increase of the SFE and polar
component of the membranes;

4.  The obtained results indicate the high application potential of plasma polymer surface
modification techniques.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-341
7/11/4/1815/s1, Table S1. The results for the PLA membranes obtained by the wet method, Table S2.
The results for the PLA membranes obtained by the dry method.
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