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Abstract

The surface properties of poly-3-hydroxybutyrate (P3HB) membranes were modified
using oxygen and an ammonia radio-frequency (RF, 13.56 MHz) plasma. The plasma treatment
procedures used in the study only affected the surface properties, including surface topography,
without inducing any significant changes in the crystalline structure of the polymer,with the
exception being a power level of 250W. Thewettability of themodified P3HB surfaces was
significantly increased after the plasma treatment, irrespective of the treatment procedure used.
Itwas revealed that both surface chemistry and surface roughness changes caused by the plasma
treatment affected surface wettability. A treatment-induced surface aging effect was observed
and resulted in an increase in the water contact angle and a decrease in the surface free energy.
However, the difference in the water contact angle between the polymers that had been treated
for 4 weeks and the untreated polymer surfaces was still significant. A dependence between cell
adhesion and proliferation and the polar component of the surface energy was revealed. The
increase in the polar component after the ammonia plasma modification significantly increased
cell adhesion and proliferation on biodegradable polymer surfaces compared to the untreated
P3HB and the P3HB modified using an oxygen plasma.

1. Introduction

Themost prospective routes for fabricating newmaterials for artificial organs and tissues
that are capable of biodegrading in the body, i.e., they are gradually degraded and replaced by an
individual's own cells and tissues, are being investigated. Therefore, biodegradable polymers are
of great interest, particularly for the fabrication of biodegradable bone implants [1,2]. Among all
known biodegradable materials, the polyesters of hydroxycarboxylic acids, i.e.,
polyhydroxyalkanoates (PHAs), are the most prospective class of materials that are being studied
for diverse biomedical applications. These polymers possess good biocompatibility as well as
physical and mechanical properties that are similar to that of the hard tissue in the human body,
making them promising materials for use in reconstructing bone tissue. Despite all of the
advantages of PHAs, they have not yet gained a wide clinical use due to the hydrophobic nature
of their surface which prevent cell adhesion and growth. Among PHAs a homopolyester of 3-
hydroxybutyric acid, poly-3-hydroxybutyrate (P3HB), is themost studied polymer. It is
thermoplastic and has good strength characteristics in comparison with widely used polylactides.
P3HB is slowly biodegraded in an organism producing non-toxic 3-hydroxybutyric acid and,
therefore, it can be used as amaterial for a wide spectrum of biomedical applications — from
sutures and drug delivery systems to matrices for tissue engineering and reconstructive surgery
[3-6]. However, high degree of crystallinity of P3HB (over 70%) leads to a high rigidity and
brittleness of its products, and their low resistance to stretching [7,8]. Moreover, bioresorption
rate of this polymer is low (from several months to a few years) that can be undesirablewhen
healing of the damaged tissue occurs quicker inducing adverse foreign body reaction [9]. The
lack of mechanical stability during degradation can also occur. As other PHAs, P3HB has highly
enough hydrophobicity, that, in some cases, can prevent normal interaction of polymer surface
with biological media of the organism and also cell adhesion [10-13]. However, the wettability
of the P3HB may vary with the structure and composition of the surface, e.g., the surface
topography, content of the crystalline and amorphous phases, and the presence of polar
functional groups with a specific charge [10]. Radio-frequency (RF) plasma is usually used to
treat the surface of different polymers [14,15]. Reactive gases allowus to obtain the necessary
functional groups on the P3HB surface and also impart other properties, such as bioactivity [16—



19]. The data on the influence of the different working parameters of plasma, such as the type of
gas, power, or pressure, on the changes in the properties of PHA, particularly hydrophilicity, is
limited. The majority of the studies did not investigate the changes in the surface wettability over
time. It is known that the surface aging effect can play a significant role, due to the effect of the
atmosphere on the surface properties of polymers. In one study [17], the hydrophilic properties
of the plasma-treated biodegradable polymers deteriorated over time. Thus, the objective of the
present study was to modify thin films of P3HB with a low-temperature radio-frequency (RF)
plasma using reactive gases (oxygen and ammonia) to improve the hydrophilic properties of the
films by forming polar functional groups.

2. Materials andmethods

2.1. Preparation of the P3HB films P3HB films with a Mw of 959 kDa and polydispersity
of D of 5.15 were obtained from the Institute of Biophysics of the Siberian Branch of the
Russian Academy of Sciences (Russia, Krasnoyarsk) and produced by microbial biosynthesis
using the B-10646 Cupriavidus eutrophus strain (this strain is registered in the Russian National
Collection of Industrial Microorganisms). The bacteria were cultivated in sterile conditions in a
BioFlo 115 cultivator (“New Brunswick”, USA) in a volume of 7.5 L using a mineral medium
containing glucose [20]. The properties of the polymer have been reported elsewhere [21-25].
Thin films of P3HB were formed by casting a solution of the polymer in chloroform. Forty
milliliters of the 2% polymer solution was heated to 35 °C and poured into clean Petri dishes.
The films were allowed to dry for 3—5 days under normal conditions in a laminar flow hood. As
a result, thin films were obtained in the form of 70 um thick disks that were approximately 10
cm in diameter.

2.2. Plasma treatment of the P3HB films

The P3HB films were treated with a low temperature plasma using a custom-made RF
power generator operating at a frequency of 13.56 MHz and oxygen or ammonia (NH3) as the
gaseous precursors (99.99%). The treatment time was set at 20 min for all of the experiments.
The oxygen plasma treatment was performed using RF power levels of 50W, 100W, 150W,
200Wand 250Wat a pressure of 30 Pa and a gas flow of 60 standard cm3 min—1. At the RF
power of 100W, the pressure was set at 30, 45 and 55 Pa for a gas flow 60, 100 and 140 standard
cm3-min—1, respectively. The ammonia plasma treatment was performed at RF power levels of
50 W, 100 W, 150 W, 200 W and 250 W under a pressure of 30 Pa and a gas flow of 30 standard
cm3 min—1.

2.3. Investigation of the surface topography

The surface topography of the treated and untreated polymers was investigatedwith an
ESEMQuanta 400 FEG scanning electronmicroscope operated at 15 kV. The surface roughness
was investigated using atomic force microscope (AFM, SOLVER) (NT-MDT, Russia) in non-
contact mode. Three roughness parameters were considered to evaluate the surface
characteristics of the polymers: average roughness (Sa), root mean square (Sq) and surface area
ratio between the interfacial area and projected area (Sdr).

2.4. Investigation of the polymer structure

The phase composition and crystallinity of P3HB were analyzed by X-ray diffraction
analysis (Bruker D8 ADVANCE, Germany) with Cu Ka radiation in the 26 range from 5 to 90°.

2.5. Fourier transform infrared (FT-IR) spectroscopy

Themolecular bonds of the sampleswere studied using an EQUINOX 55 (Bruker,
Germany) in attenuated total reflectance (ATR) mode. The

infrared spectra of the P3HB films were obtained in the frequency range from 600 to
4000 cm—1.

2.6. Water contact angle measurement

The contact angle analyses were performed with an optical contact angle apparatus (OCA
15 Plus Data Physics Instruments GmbH, Germany), using the SCA20 software (Data Physics
Instruments GmbH, Germany). The contact angle of water in air was measured by the sessile
drop method. The entire analysis was conducted at 20 + 1 °C. A minimum of 10 droplets (2 pL,



5 uL-s—1) of water and 5 droplets of diitodomethane or ethylene glycol were examined for each
sample, and the resulting mean 0 values were then used for the calculations. The surface free
energy was calculated using the Owens—Wendt—Rabel-Kaelble (OWRK) method. Three
different media (water, dilodomethane and ethylene glycol)were used for these calculations. The
theory of surfacewetting, aswell as contact angle hysteresis is described inmore detail in Ref.
[16-18].

2.7. Cell proliferation study

To estimate the adhesion properties of the studied samples, disks with the diameter of 15
mm were prepared. The disks were sterilized using 70% ethanol for 10 min followed by
subsequent UV-irradiation. Then, they were placed in 24-alveolar plates (TPP, Switzerland) and
seeded with 104 NIH 3T3 mouse fibroblasts per ml of media. The fibroblastswere cultivated in
Dulbecco'sModified EagleMedium (DMEM) with 10% fetal calf serum and an antibiotics
solution (streptomycin 100 pg/ml, penicillin 100 units/ml (Gibco, Invitrogen)) in a 37 °C
incubator in a 5% CO2 atmosphere. The media was changed once every three days. The
adhesion properties of the polymer surfaces were compared by taking into account the results for
cell attachment, cell number and morphology based on the SEM images (TM 3000, Hitachi,
Japan), as well as the fluorescence staining of the cells using DAPI (DNA marker) and FITC
(amarker of the actin proteins in the cytoplasm). After fixation, the cells were washed three times
in Dulbecco's Phosphate-Buffered Saline (DPBS) and incubated in DAPI solution for 5 min,
followed by washing in DPBS. The optical density was determined using an iMark
spectrophotometer (Bio-Rad, USA) after dissolving the MTT-formazane crystals in DMSO.

3. Results and discussion

3.1. Surface morphology

It is known that the plasma treatment affects the polymer surface and that the following
processes can occur: heating, breaking of chemical bonds, degradation, etc. [26]. Allof
theseprocessesmay significantly change the structure and morphology of the polymers. The SEM
images of the surface and structural changes in the P3HB films before and after the plasma
treatment and their cross-sectional profiles are presented in Fig. 1. The plasma treatment changed
the relief of the polymer surface. The surface of the untreated P3HB is homogeneous and surface
porosity is observed (Fig. 1b). After the oxygen plasma treatment, surface grooves ranging from
2 to 5 um(Fig. 1c) were formed. Moreover, surface porosity was not observed. The roughness
parameters measured via AFM revealed that the increased RF power increased the surface
roughness parameters to Sa = 171 £ 12 nm, Sq = 217 + 18 nm, Sdr = 22.3% for the oxygen
plasma and Sa = 181 + 12 nm, Sq = 229+14 nm, Sdr = 63.5% for the ammonia plasma compared
to the untreated P3HB (Sa = 139 + 8 nm, Sq = 174 £ 10 nm, Sdr=16.2%). At a power level of
250W, the ammonia plasma had a larger impact on the morphology of the P3HB films than the
oxygen plasma. Typical SEM images (Fig. le—f) demonstrated that an increase in the power to
250 W led to the destruction of the surface layers of the ammonia plasma-treated P3HB. It could
be caused by hydrogen, which acts as a chemical agent and etches oxygen from the surface
[17,27].

3.2. XRD analysis
The XRD patterns of the untreated and plasma-modified P3HB surfaces are presented in Fig. 2.
The results showed that P3HB was a polycrystalline polymer. The plasma treatment procedure
had no effect on the structure of the polymers, with the exception of the RF power of 250 W. The
XRD patterns showed peaks at 20 of 13.5°, 16.2°, 20.2°, 22.7°, 25.6° and 27.4°, which were in
good agreement with the values reported for P3HB [28,29]. According to Scherrer's equation, the
crystallite sizes of P3HB were ranged from 8 to 10 nm. The polymers treated at 250 W revealed
structural changes in the polymers modified using both working gas atmospheres. Variations in
the parameters of the crystal unit cells were observed. At a power of 250 W, the modified P3HB
polymers had a smaller crystal unit cell by volume compared to the other cases (untreated P3HB:
a=577A,b=13.04 A,c=6.08 A, V=458 A3; modified P3HB via O2-plasma: a=5.69 A, b
=12.80 A, c =5.98 A, V =437 A3; modified P3HB via changes in the crystalline structure of



P3HB after plasma treatment at a power of 250 W can be explained by considering the melting
of the surface layers of the polymers.

3.3. Chemical analysis

The IR spectra of the untreated and modified P3HB are presented in Fig. 3. New peaks are
absent after the plasma modification, indicating the absence of the formation of new bonds. The
analysis indicated the presence of peaks with the following molecular groups: C—H (2978 cm—1)
and C_O (1719 cm—1). Moreover, multiple bands were present in the range from 890 cm—1 to
1453 cm—1 (Fig. 3) [30,31]. Characteristic amino-related bonds, such as C-N stretching at 1190—
1130 cm—1 or N-H (1400-1000 cm—1), were not identified. However, the amino (C—N) and
amide (N-C O) groups on the polymer surface after the ammonia-plasma treatment were
identified using X-ray photoelectron spectroscopy [15,17]. Therefore, the FT-IR ATR technique
did not provide a clear understanding of the formation of amino, C O, C—O—C or other groups
because only the surface layers of the polymers were modified by the plasma and the information
depth of the analysis was in the range of 1-2 um. An energy dispersive X-ray (EDX) analysis
was performed to reveal the presence of the amino groups on the ammonia plasma-treated
surface. The elemental composition of the polymers surface showed that the P3HB films
primarily consisted of oxygen and carbon, and the ratio of carbon to oxygen was 3.03:1 for
untreated P3HB. The plasma treatment only changed the atomic ratio of carbon to oxygen, which
decreased after the oxygen plasma treatment (2.74:1). This ratio decreased even further with
increasing oxygen pressure (2.62:1). This might indicate the formation of additional oxygen-
containing bonds in the surface layers. The ammonia plasma treatment also decreased the C/O
ratio to 2.82:1. A similar trend in the C/O ratiowas noted elsewhere [18]. The presence of
nitrogen was detected in the surface layers of P3HB by EDS; however, the absolute amount
could not be derived.

3.4. Surface wettability

Changes in thewettability of the P3HB polymers were observed after both the oxygen and
ammonia plasma treatments. The measurements were performed immediately after the treatment
and then every week within a 1 month period. Fig. 4a shows the effect of the plasma power on
the water contact angle of the oxygen and ammonia plasmatreated P3HB films. Both gases
caused a significant decrease in the static water contact angle compared to the untreated polymer
(85°+£2°). The plasma treatment at 50 W resulted in a decrease in the water contact angle. The
lowest water contact angles were obtained at the RF power levels of 100 and 150 W. An increase
in the power to 200 W and 250 W increased the surface roughness, changed the structure of the
polymers and, thus, deteriorated the surface wettability. It should also be noted that thewater
contact angle of the polymers treated in ammonia plasma is significantly decreased compared to
the polymers treated in oxygen plasma. These changeswere induced by the differences in the
chemical composition of the surfaces. The calculations of the surface energy revealed that both
of the plasma treatments significantly increased the surface energy (Fig. 5a). Importantly, the
increase in the surface energy was mainly due to the increase in its polar component (the polar
component of untreated P3HB is 3.3 mN/m). Furthermore, the lowest value of the water contact
angle was achieved at the largest values of the polar component of the surface energy (note that
the latter had been estimated based on the contact angle measurements in three different liquids).
It is known that the surface of the polymers is exposed to the so-called “aging” process. This is a
complex chemical and physical phenomenon that takes place on the polymer surface and is
influenced by the environment during processing, use or storage. One prominent effect is the
surface rearrangement of the functional segments to minimize the interfacial energy. As a result,
the polymers' properties change. It is reported that the plasma-treated polymers'wettability
deteriorates over time [17,32]. Figs. 4b and5b showthe changes in thewater contact angle and
surface energy within a four weeks period. As a result of aging, the water contact angle tends to
increase. Although there were significant differences in the values of the contact angles between
the ammonia and oxygen plasma-treated polymers after a 4weeks interval, the water contact
angles were essentially equal. It was also observed that the increase in the contact angle is



connected to the decrease in the polar component of the surface energy. Based on the results
obtained in this study, the samples treated in oxygen plasma are less susceptible to the changes in
the aging process compared to the samples treated in ammonia. Furthermore, it can be concluded
that the surface of the modified polymers remains hydrophilic (contact angle is in the range of
35°-40°) within a 1 month period. We also investigated the effect of the gas pressure in the
vacuum chamber on thewettability of the P3HB surface. In this case, the plasma treatment was
performed in oxygen atmosphere at a power of 100 W. The choice of the power was based on
our preliminary results (Fig. 4a) because the lowest value of the contact angle was obtained at a
plasma power of 100 W. Fig. 6 shows that the increase in the gas flow and pressure in the
chamber decreased the water contact angle. This likely due to the increase in the number of
particles bombarding the polymer and, therefore, a higher number of polar groups was formed.
This was confirmed by the increase in the surface energy, including its polar component up to
39.5 £ 1.0 mN'-m—1, compared to that of the untreated polymers, which was 3.3 + 0.8 mN-m—1
(Fig. 7). At a pressure of 55 Pa, the polar component of the surface energy exceeded that of the
dispersive component. This explains the significant decrease in the contact angle of up to 16° +
2°. The IR spectra did not reveal the formation of any new functional groups on the polymer
surface with the increase in pressure, as shown in Fig. 3; therefore, it can be assumed that the
surface energy changes can be explained by the increase in the density of the polar groups on the
surface. The contact angle increased over time, as discussed above. The results obtained after
plasma treatment at the pressures of 45 and 55 Pa differed from those measured at 1 week. The
contact angle increased over time, even exceeding those obtained at 30 Pa. However, there was
no significant difference in the water contact angle between the pressure groups at 1 week after
the surface treatment. The surface energy also significantly decreased at 1 week and did not
significantly change within next 3 weeks. Although the water contact angle increased and the
surface free energy decreased at 4 weeks after plasma treatment, they were still significantly
lower compared to those observed for the untreated substrates. The roughness parameters
measured via AFM revealed that the different RF power level resulted in the changes of the
surface roughness parameters. Using the following equation, i.e. r = 1 + Sdr / 100, it was
possible to obtain the values of the roughness factor (r). The followingWenzel equation
cosOm=rcosty (6m—measured contact angle, 6y— Young contact angle)was used to derive the
values of the Young contact angles using themeasured values of the contact angles. It is
important to notice that theWenzel equation is based on the assumption that the liquid penetrates
into the roughness grooves (Table 1) [33,34]. Taking into account the calculated values of the
Young contact angles it is possible to conclude that both surface chemistry and surface
roughness changes caused by the plasma treatment played a significant role in the surface
wettability change of the treated polymers. Moreover, more pronounced effect of the surface
roughness on the surfacewettabilitywas observed in the case of ammonia plasma treatment.

3.5. Cell proliferation study

Based on the wettability results (Fig. 4a), the modes of plasma treatment that achieved better
wettability were chosen. Thus, the P3HB membranes were subjected to plasma treatment in
oxygen and ammonia atmospheres at power levels of 100 W and 150 W, a gas pressure of 30 Pa
and a 20 min treatment timefor the further cultivation of NIH 3T3 fibroblasts. The plasma
treatment affected the attachment and proliferative potential of fibroblasts cultured on the P3HB
films. Fig. 8 compares the cell density for the untreated and different plasma-treated samples
after 7 days in culture. Evidently, not all of the plasma-modified membranes had a higher cell
density than the untreated P3HB. The number of active and physiologically viable fibroblasts
was calculated using DAPI staining, and the highest value was obtained for the cells cultured on
the ammonia plasma-treated films (3.5 = 0.3 . 105/cm2) compared to the control (2.1+0.2 .
105/cm2). SEMrevealed that the cell concentration for the untreated samples was 2.4 + 0.3 .
105/cm2 and that of the ammonia plasma-treated samples was 3.4 £ 0.3 . 105/cm2. The MTT
test revealed increased metabolic activity of the fibroblasts on the ammonia plasma-treated
surfaces compared to the untreated and oxygen plasma-treated films (Fig. 9). A statistical



analysis of the influence of theNH3-plasma (150W) in theMTT test using the t-test showed the
reliability of this effect at a significance level of 0.1 (tcrit. 1.533 and ttrial 1.939). The vitality of
the cells on themodified polymers may be influenced by the surface topography, surface
wettability, and surface chemical composition. It was found that the wettability of the polymers
treated in the ammonia plasma was better than those treated in the oxygen plasma at power of
150 W measured 3 weeks after the plasma treatment (water contact angle: 50° + 2° for O2-
modified P3HB and 36° + 2° for NH3-modified P3HB), but their surface energy was essentially
equal (53.5 = 0.9 mN/m for O2-modified P3HB and 57.4 = 0.9 mN/m for NH3-modified P3HB).
The difference is that the polar component of the NH3-modified P3HB is higher (27.5 mN/m)
than that of the O2-modified polymers (18.5 mN/m). Other authors also reported that a higher
value for the polar component of the surface energy led to a significant increase in cell viability
and proliferation on plasma-treated surfaces [35]. It was also revealed that an increase in the
polar component of the surface energy may improve osteoblast attachment and, thereby,
osteoconduction [36]. It is necessary to note that even untreated P3HB is a non-toxic material
which also shows no inflammatory reaction because hydrolytic degradation of P3HB results in
the formation of 3-hydroxybutyric acid, a normal blood constituent [37,38]. Moreover, it was
shown that P3HB in small concentrations (0.02 g . ml—1) can promote proliferation of L929 cells
plated depending on cell density, and also significantly inhibit cell death [39]. The choice of
P3HB for constructing biomedical devices can be stipulated for itsmechanical properties and
surface hydrophobicity [12,13]. The intrinsic surface hydrophobicity of P3HB can be overcome
using various physical-chemical treatments including low temperature RF plasma. In this case,
the treatment conditions affect only very thin polymer surface layers and preserve bulk structure,
which allows to significantly change surface characteristics of the polymers without any
significant changes of their bulk properties.

4. Conclusions

The influence of various oxygen and ammonia plasma treatment procedures on the properties of
biodegradable P3HB polymers was studied. The plasma treatment resulted in topographical
changes compared to the initial substrates. It was revealed that both surface chemistry and
surface roughness changes caused by the plasma treatment affected surface wettability.
Hydrophilic surface behavior was revealed without any significant changes in the polymer
composition with the exception of plasma treatment at a power level of 250 W. A significant
increase in the polar component of the surface energy was observed for both the oxygen and
ammonia plasma treatments. Within 4 weeks after plasma exposure, the contact angle of the
P3HB surfaces was significantly decreased compared to that of the untreated polymers; in
addition, the surface energy of the plasma-treated surfaces was significantly, regardless of the
gas atmosphere used. Furthermore, only the ammonia plasma-modified P3HB membranes
improved the adhesion and proliferation of cells compared to the untreated and oxygen plasma-
treated P3HB.
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Fig. 1. The morphology of the P3HB polymers: (a) untreated P3HB, (b) cross-section of (a); (c)
oxygen plasma-modified P3HB, 250 W, (d) cross-section of (c); (¢) ammonia plasma-modified
P3HB, 250W, (f) cross-section of (e).

Fig. 2. XRD patterns of the untreated, oxygen plasma-modified and ammonia plasmamodified
P3HB at different RF power levels.

Fig. 3. IR spectra of the untreated P3HB and the films treated with the different working gases at
a power of 100 W.

Fig. 4. The water contact angle: (a) as a function of the plasma power using the differentworking
gases. The measurements were performed immediately after treatment; (b) obtained for the



P3HB surfaces treated at 100W. The measurements were performed within 4 weeks after
treatment: m — oxygen plasma; ® — ammonia plasma.

Fig. 5. Surface energy of the P3HB polymers: (a) treated at the different power levels. The
measurements were performed immediately after treatment; (b) treated at 100 W. The
measurements were performed within 4 weeks after treatment. Unshaded area — oxygen plasma;
shaded area — ammonia plasma.

Fig. 6. The water contact angle as a function of the oxygen pressure at a power of 100W: (a) the
measurements were performed immediately after treatment; (b) the measurements were
performed within a 1 month period after treatment: m — 30 Pa; @ — 45 Pa; A — 55 Pa.

Fig. 7. The surface energy of the oxygen plasma-treated P3HB at different gas pressures: (a) the
measurements were performed after treatment; (b) the measurements were performed after
treatment. Unshaded area — gas pressure 45 Pa; shaded area — gas pressure 55 Pa.

Fig. 8. Fluorescence photomicrographs of NIH 3T3 fibroblast cells attached to the surface of the
modified P3HB polymers. a) DAPI-stained, b) FITC-stained (magnification (.1000)), and c)
SEM images of the fibroblasts.

Fig. 9. The vitality of the NIH 3T3 cells seeded on the untreated and plasma-treated P3HB
surface at days 1,3 and 7 (*P b 0.1).
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