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Abstract

Poly-3-hydroxybutyrate (PHB) films were plasma-treated using pure NHs, pure Ar or mixtures
of the two different proportions (20%, 30%, 40%, 50%, 70% NHj; in Ar). Surface chemistry and
surface topography changes of PHB films were observed after plasma processing in all plasma
regimes. The XPS results confirmed the absence of chemical modification in the case of pure Ar
plasma treatment. Nitrogen-containing groups (e.g., N—-C=0) were detected on the surfaces of
P3HB films treated with NHs-containing plasma. The surfaces of the untreated P3HB films were
hydrophobic, and plasma treatment turned the surfaces hydrophilic, irrespective of the treatment.
A significant decrease in the contact angle and an increase in the free surface energy were
observed. An insignificant surface ageing effect was observed when P3HB samples were
exposed to air for 10 days. In NIH 3T3 mice fibroblast cells, cell adhesion was significantly
improved after plasma treatment in an Ar atmosphere, which is likely related to the fact that
there was a surface & potential of 88.6 mV at neutral pH, causing a cleavage of the polymer

chains and an increase in surface roughness.

Keywords: plasma treatment, dielectric barrier discharge, surface etching, wetting behaviour,

cell adhesion

1. Introduction

Biodegradable polymers are of interest, particularly for the fabrication of biodegradable bone
implants [1]. Of all the known biodegradable materials, polyesters of hydroxycarboxylic acids,
i.e., polyhydroxyalkanoates (PHAs) are potentially the most important emerging class of
materials for diverse biomedical applications. These polymers exhibit good biocompatibility and

have useful physical and mechanical properties that are similar to hard tissues in the human
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body, making them promising for use in reconstructing bone. Despite all the advantages of
PHAs, they have not yet achieved wide clinical use due to the absence of osteoconductive
properties on their surfaces.

Poly-3-hydroxybutyrate (P3HB), a homopolyester of 3-hydroxybutyric acid, is the most well
studied PHA. P3HB is slowly biodegraded in an organism, producing non-toxic 3-
hydroxybutyric acid; therefore, it can be used as a material for a wide spectrum of biomedical
applications from sutures and drug delivery systems to matrices for tissue engineering and
reconstructive surgery [2]. However, the high crystallinity of P3HB (over 70 %) leads to high
rigidity and brittleness in products, and products show low resistance to stretching [3].
Moreover, the bioresorption of this polymer takes from several months to a few years, which can
be undesirable when the healing of damaged tissue occurs quickly and triggers a foreign body
reaction [4]. As a representative of the PHA family, P3HB has hydrophobic surface
characteristics that can prevent normal interaction of the polymer surface with biological media
in the organism, and this can disturb cell adhesion [5]. The wettability of P3HB can vary with the
structure and composition of the surface. Wettability can vary with factors such as surface
topography, the content of the crystalline and amorphous phases, and the presence of polar
functional groups with a specific charge [6].

Radio-frequency (RF) plasma is usually used to treat the surfaces of different polymers [7, 8].
Comparisons between different techniques for polymer surface treatment reveal that plasma
treatment is particularly versatile because modification is limited to the upper surface layers of
the material, leaving the bulk properties unaltered [8, 9]. Reactive gases make it possible to
obtain the required functional groups on the P3HB surface and to impart other properties such as
bioactivity [10]. There are only limited data on the influence of different working parameters of
plasma, such as the type of gas, power, and pressure on the changes in the surface properties of
PHA. Data on wettability are particularly limited [8].

The effect of plasma treatment and surface ageing of polymers on cell behaviour has been
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investigated elsewhere [11-13]. However, detailed analysis of the surface chemistry changes and
mechanisms has not been conducted. In particular, it is not well understood how we can choose a
more appropriate plasma-treatment atmosphere to achieve better cell performance. Thus, the
objective of this study is to modify P3HB thin films with a low-temperature RF plasma using
different inert and reactive gas atmospheres (oxygen, ammonia and mixtures thereof) to improve

surface wetting behaviour with hydrophilic polar functional groups.

2. Materials and Methods
2.1. P3HB film preparation

P3HB (average molecular weight 720 kDa, polydispersity index 3.60) films were obtained by a
microbial biosynthesis with the use of Cupriavidus eutrophus B-10646 stamm, which is included
in an all-Russian collection of commercial microorganisms [14]. Polymer films in the form of
discs with diameter 10 cm and thickness 60-70 pm were obtained using homopolymer P3HB by
the evaporation method from a solution in chloroform. First, 40 mL of 2 % polymer solution was
heated to 35 °C and poured into clean Petri dishes. Then, the films were allowed to dry for 3-5

days under normal conditions in a laminar flow hood.

2.2. Plasma Processing

The P3HB films were treated in a custom-made dielectric barrier discharge (DBD) plasma
system equipped with an RF power generator (13.56 MHz). Various working gases were used
such as Ar (99.99%) and NH3 (99.99%). Plasma treatment was performed in Ar — 100 % with a
gas flow rate of 30 standard cm’® min ', NH; - 100% (30 standard cm3'min_1), and Ar was used
with 70, 50, 40, 30, and 20 % NHj at gas flow rates of 21, 15, 12, 9, and 6 standard cm’ min”".
The P3HB films were treated under a pressure of 30 Pa and at RF power of 30 W for Ar plasma

and at 50 W for NH3 and Ar/NHj plasma. The treatment time was always 5 min.



2.3. P3HB film characterization
2.3.1. Atomic Force Microscopy (AFM)

The topographies of untreated and modified P3HB films were analysed by atomic force
microscopy (AFM, SOLVER) (NT-MDT, Russia) using a non-contact mode. In this study, 35-,
15- and 5-um’ images were recorded for each sample in three different locations. The roughness
parameters (S, - average roughness, Sq - root mean square, Sdr - surface area ratio between the
interfacial area and projected area) were calculated using OPUS software (for 35-um’® images).
In addition, the roughness factor was calculated by using the following equation: r = 1 + Sdr /
100. The Wenzel equation, cosOm=r cosfy (0m - measured contact angle, Oy - Young contact
angle), was used to derive the values of the Young contact angles using the measured values of
the contact angles. We note that the Wenzel equation is based on the assumption that the liquid

penetrates into the roughness grooves [15, 16].
2.3.2. Chemical analysis
2.3.2.1. X-ray Photoelectron Spectroscopy (XPS)

Prior to the measurements, the samples were exposed to ambient conditions. The surface
chemical compositions of the untreated and plasma-treated PHB films were studied using X-ray
photoelectron spectroscopy (XPS). XPS was performed using an unmonochromated XR-50 Mg
K, X-ray source (hv=1253.6 e¢V) from SPECS (Germany) at a base pressure of 1-2x10™" Torr.
The analyser was set to a pass energy £, = 50 eV and energy step E; = 0.5 eV for the XPS survey
spectra of the coatings, and it was set to £, = 20 eV and E; = 0.1 eV for higher-resolution
spectra. The obtained spectra were analysed using CASA-XPS software [17]. The binding
energy (BE) scale was calibrated by measuring the reference peak of C Is (BE = 285 eV)

corresponding to adventitious carbon contamination.

2.3.2.2. Fourier Transform Infrared Spectroscopy (FTIR)



FTIR spectra were obtained using a Bruker (Germany) EQUINOX 55 infrared analyser equipped
with an attenuated total reflectance (ATR) accessory providing analysis of the surface. The

spectra of the P3HB films were recorded in the frequency range of 600 to 4000 cm .
2.3.3. Wettability study

Static contact angles of the droplets of Milli-Q water were measured on untreated and plasma
treated P3HB films using an optical contact angle apparatus (OCA 15 Plus Data Physics
Instruments GmbH, Germany) and appropriate SCA20 software (Data Physics Instruments). All
measurements were performed using the sessile drop method at room temperature 20 += 1 °C.
Average values in each case were calculated for a minimum of 10 water droplets (1 uL, 2
uL's™). The calculations of surface free energy were carried out using the Owens—Wendt—
Rabel-Kaelble (OWRK) method for three different media (Milli-Q water, diiodomethane and

ethylene glycol).
2.3.4. Zeta potential analysis

The zeta potential was analysed by measuring the streaming potential for P3HB films at pH
values from 2.5 to 10 using the SURPASS (Anton Paar) system and an electrolyte of KCI
solution with concentration 0.001 M. The zeta potential was determined from the streaming

potential at various flow rates.
2.3.5. Cell culture assays

For cell culture experiments, polymer discs were cut with a diameter of 15 mm. The samples
were sterilized in 70 % ethanol alcohol for 30 minutes, then washed in modified Eagle’s medium
(DMEM) and placed in 24-cell plates for tissue culture (Techno Plastic Products AG). NIH 3T3
fibroblasts were seeded on polymer films with a density of 10> cells-cm®. Cell adhesion,
proliferation and growth were estimated. The experiments were performed in DMEM solution

with the addition of 10 % bovine serum and antibiotics (streptomycin 100 pg/ml, penicillin 100
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ME/ml) (Sigma) in a 5 % CO; atmosphere at 37 °C for 7 days. The morphologies of fibroblasts
were investigated using adhered cell staining with the help of the fluorescent DNA-probe DAPI
(Sigma-Aldrich). 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 biocompatibility of P3HB films was investigated by an MTT-assay based on the
ability of live cells to restore unstained forms of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT - reagent) to blue formazan, which is soluble in dimethyl
sulphoxide. The optical density was determined using an iMark spectrophotometer (Bio-Rad,
USA) after dissolving the MTT-formazan crystals in DMSO. All biological observations were

conducted on 4 surfaces for each type of sample.

3. Results and discussion

3.1. AFM analysis

The morphology of biomaterials is one of the major factors controlling cell behaviour. It is
known that the surface of an implant should reveal topographical features of up to 100 pm (cell
size approximately 10-50 um [18]) to promote the mechanical anchoring of cells and to provide
new tissue growth [19,20]. Additionally, the nano- and sub-micro-roughness (up to 1 um) of a
material promotes the adhesion and proliferation of cells [18, 21]. Plasma treatment makes it
possible to vary the nano- and micro-topographical dimensions of the surface via etching or

polymer chain cleavage.

AFM analysis was performed on untreated and plasma-modified P3HB films to visualize their
morphologies and reveal the roughness changes that occurred after plasma surface modification.
The results are presented in Figures 1 and 2 and in Table 1. The AFM images show that

topographical changes appear after 5 min of plasma treatment in different gas atmospheres, and



an increase in the roughness parameters is observed (Table 1). This includes the surface area
ratio between the interfacial area and the projected area (Sdr), which had an effect on the
increase of the roughness factor (r). These observed changes could be explained by taking into
account different processes that occur on the P3HB surface. The surfaces of P3HB films before
and after plasma treatment reveal microscale topographical features, which were similar in the
cases of Ar, NH3 and Ar/NHj plasmas (see Figs. 1 and 2).

3.2. Surface chemistry analysis

Figure 3 represents XPS survey spectra of P3HB films before and after plasma treatment in Ar,
NHj3, Ar/NHj3 atmospheres. All the expected peaks (C 1s, O 1s and N 1s chemical states) were
observed except for Ar 2p chemical state. However, this peak was observed in all high-resolution
XPS spectra corresponding to P3HB films treated in Ar-containing plasma.

Table 2 represents relative atomic concentrations (%) of the elements, which were calculated
using high-resolution XPS spectra for untreated and treated P3HB films. An increase in the C/O
ratio was observed with increasing NH; content in the plasma atmosphere, as is also shown in
Figure 4 In the case of P3HB films treated in Ar plasma, the decrease in the C/O ratio was

observed in the treated but not the untreated P3HB film.

The calculated C/O ratio for the untreated PHB film was 2.2, which was greater than the
theoretical value (2.0) [22]. However, in the case of poly(hydroxybutyrate-co-hydroxyvalerate)
with an HV content of 8.8%, the authors of [23] observed that the C/O ratio was 2.65, which was
significantly higher than the theoretical value of 2.04.

Plasma treatment of polymers usually causes the atomic concentration of oxygen to increase (in
polymers without oxygen in their structure) [24]. P3HB has oxygen in its chains; therefore,
plasma treatment leads to a decrease in oxygen content in the surface layer. The C/O ratio should
thus increase due to cleavage of the polymer chains and subsequent surface ablation [25].

Conventional thermal degradation of P3HB can lead to the formation of such volatile products



with increased carbon content such as propene and propenyl-2-butenoate [26]. A loss of carbon
groups can be expected because they are more numerous than oxygen-containing groups, and
there will be a subsequent decrease in volatile carbon-containing components. This was observed
in the case of Ar-plasma treatment. However, plasma treatment leads to the formation of new
active centres (e.g., radicals), which can react with air and form new chemical groups containing
both oxygen and nitrogen [25]. It is likely that chemical groups containing nitrogen are formed
on the surface of the P3HB films treated in an NH; plasma atmosphere, which can explain the
increase in the C/O ratio as the concentration of NHj in the Ar atmosphere increases during
plasma treatment. It has been suggested that the interaction of ionized Ar with the P3HB
polymer chains causes cleavage to occur rather than surface chemistry changes. During the
ammonia plasma interaction with the oxygen groups of PHB at the sites of chain cleavage, a
partial exchange of terminal oxygen groups for N-groups (e.g., OH for NHy) is likely to occur,
which results in a decrease in oxygen concentration in the surface layers and an increase in the
C/O ratio (Figure 4). The XPS results confirmed the presence of nitrogen on the surfaces of the

treated P3HB films in NH;-containing plasma.

The high-resolution XPS spectra of the investigated samples are presented in figure 5. The C 1s
spectrum of untreated PHB film (Figure 5a) was decomposed into tree component peaks
showing the presence of different oxidation states of carbon: 285 eV, 286.7 eV and 288.8 eV,
due to C—C(H), C—O and O=C-O components, respectively [22,23]. After Ar plasma treatment
(Figure. 5b), a high-resolution XPS Cls spectrum shows the same peaks as for the untreated
P3HB film. However, a comparison of figures 5a and b reveals the increase of the C-O
component. This increase could lead to a decrease in the C/O ratio after pure Ar plasma
treatment in comparison with the untreated P3HB film. After ammonia plasma treatment (Figure
5¢), the XPS scan of the carbon region shows a spectrum with one additional peak, which is

observed at 287.6 eV and corresponds to the typical binding energy for an amide group (N-—



C=0) [22,23]. When Ar and NH; gases were used together in plasma with different
concentrations (Figure 5 d-f), an XPS scan of the C 1s region showed similar spectra as for pure
ammonia plasma treatment, i.e., C—-C(H), C—O, O=C-0 and N-C=0 components.

Figure 6 shows the high-resolution XPS spectra of the N 1s chemical state that was observed
after NH; plasma treatment. Despite the decrease in NH; content in the plasma atmosphere, a
difference in the N Is chemical state was not observed. All N 1s peaks were similar. The results
summarized in Table 2 show insignificant differences in N 1s content between samples. There
were no peaks in the N 1s region after Ar plasma treatment or for untreated P3HB samples.
According to the literature, the observed peak of nitrogen at 399.9 eV corresponds to amide
groups (N-C=0) [22,23]. Thus, the high-resolution spectra of the N 1s peak confirm the addition
of different nitrogen-containing molecules to the surface during NHj3 plasma treatment. It has
been reported that an NH, radical can recombine with radicals on carbonyl groups to form
amides during the NH; plasma treatment of P3HB [22].

3.3. Contact angle measurements

The surface wettability of the modified polymers indicates particular changes in the chemical
and physical nature of the surfaces, which were usually altered by plasma treatment. Due to
wetting associated with the surface energy and surface tension, any manipulations of the
chemical compounds on the surface of P3HB lead to changes in contact angles. For biological
applications, wettability is an important factor for cell adhesion and proliferation because various
cell types behave differently on different surfaces. It has also been reported that an optimal water
contact angle for cell adhesion is in the range of 50-70° [27]. Plasma treatment of hydrophobic
polymers allows us to prepare a hydrophilic surface [9]; thus, plasmas have been used to
improve the biocompatibility of polymers [28,29] and to control surface chemical composition

[28].

The contact angles of the modified P3HB surfaces were measured immediately after plasma
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treatment and after samples were preserved in air for 10 days. Figure 7 shows the contact angle
changes of the P3HB after Ar and NH; plasma treatment. Untreated P3HB had a contact angle of
99°+1.0° and thus a hydrophobic surface. After NH; plasma treatment, the contact angle
decreased significantly to 49.5°+1.2°, which produced a hydrophilic surface. After pure Ar
plasma treatment, the contact angle was also significantly reduced relative to the untreated P3HB
film; however, it remained greater (65.2°+3.5°) than that after pure NHj3 plasma treatment. The
decrease in contact angle can be explained by the increase in the number of hydrophilic C-O
groups on the surface (Figure 5b), as observed in the XPS spectra in the case of Ar plasma. The
hydrophilic surface of the NH; plasma-treated polymers can be explained by taking into account

the formation of new functional N-C=0 groups (Figure 5c¢).

The formation of new functional groups was also confirmed by measuring the surface free
energy. For untreated P3HB films, the dispersion component of the surface energy was
comparable to the total surface energy, and the polar component was negligible (Figure 7b). For
untreated P3HB surfaces, the polar component was 0.44 mN/m, and for the surfaces treated in
pure Ar plasma, the polar component was 12.26 mN/m. The polar component was 20.32 mN/m
for NH; plasma. There were significant increases in the polar component after all plasma

treatments, and no significant changes occurred in the dispersion component.

The contact angles of the modified P3HB films after storage in air showed no significant
decrease in surface wettability and energy. In contrast, the reduction of the contact angles was
similar to what was observed on the first day due to the increase of the polar component of the

surface energy.

Wettability is affected by a combination of topographical changes and surface chemistry
changes. Based on the results presented in Figure 7, it can be concluded that both surface
chemistry and topography changes affect the contact angels in the case of NH; plasma treatment.

Because no chemistry changes were observed after Ar plasma treatment, the decrease in the
11



contact angle was likely connected to the surface topography changes and polymer cleavage.
However, taking into account the statistically significant difference between the results obtained
for wettability and roughness in pure Ar and pure NHj3, we conclude that surface chemistry
changes played a more significant role in the decrease in the WCA values (Figure 7a) and the
increase in the surface free energy (Figure 7b).

Because Ar is an inert gas, the surface etching is mainly caused by Ar ion bombardment. In the
case of reactive NH; gas, chemical reactions can also occur, which result in the removal of
newly formed molecules from the polymer surface. Thus, in a mixture of Ar and NHj3 gases, the

P3HB surface is etched due to reactive ion bombardment.

In Figure 7, the water contact angle, Young’s contact angle and surface free energy of the
samples treated in Ar/NH3 plasma are shown. The water contact angle was reduced relative to
the untreated P3HB; it was 48° at 20 % NHj; in Ar. It was 43° at 30 — 50 % NHs;, and it was 56° at
70 % NHj. The surface energy of the modified P3HB increased significantly for all mixtures of
NHj3 in Ar plasma. At first, the modified surfaces showed an increase in the polar component up
to 22-25 mN/m (for 20-50 % NH3), and some showed a decrease in the dispersive component.
After 10 days of exposure to air, the dispersive component showed some recovery, and there was

a moderate decrease in the polar component of the surface energy.

Considering the calculated values of the Young contact angles, we conclude that both the surface
chemistry and surface roughness changes following plasma treatment played significant roles in
determining the surface wettability of the polymers. The effect of the surface roughness (Table
1) on wettability was clearly demonstrated in the case of Ar plasma treatment because, in this

case, only surface etching was observed, without any surface chemistry changes.

3.4. Zeta potential measurements

An analysis of the zeta potential (&) of the modified films in different gas atmospheres revealed

12



evidence of chemical modification of the P3HB surfaces. The zeta potential and pH
measurements for untreated and treated P3HB in Ar and NH3 plasmas are presented in Figure 8.
The isoelectric points (IEP) calculated for & potentials at pH=7 are presented in Table 3. After
plasma treatment, the § curves shift to lower pH values: 3 and 5 for the Ar and NH; plasmas,
respectively. The zeta potential shifts revealed & potentials of -46.5 mV for untreated P3HB, -
88.6 mV after Ar modification and -69.8 mV after NH; modification at a physiological pH of 7.
This tendency towards lower & values is typical for acidic molecular groups and can be
attributed, in particular, to COO radicals [30]. The & measurements provided evidence not only
of the surface potential for biomolecular interaction but also the electrolyte pressure on the
surface (600 mbar), which is a reliable indicator of film stability and durability. Neither
untreated nor modified P3HB films showed signs of film degradation due to zeta potential
measurements.

3.5. Cell viability

Surface plasma treatment of the polymer films resulted in changes in NIH 3T3 mouse fibroblast
adhesion behaviour. For example, there were changes in the number of adhered cells and cell
viability. Fluorescent microscopy of the surface fibroblasts revealed a sufficiently high level of
adhered viable cells in all samples. Even cells looked similarly, cell density was significantly
higher on the treated surfaces when the surfaces were observed visually (Figure 9a).

A similar effect was quantitatively observed during the MTT test. The effect of plasma treatment
was seen on day 1 after cell seeding. On day 7, the number of cells on the plasma treated samples
was higher than in the control (Figure 9b). The maximal number of cells was observed in the
case of polymer films treated in a 100 % Ar atmosphere. The results for cell adhesion in the case
of 100 % NHj3 and 50%/50% Ar/NH; were similar. In general, the results correlate well with the
results obtained earlier for plasma treatment of polymer samples in ammonia under different

conditions [8].
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Ammonia plasma treatment can be expected to produce a hydrophilic surface due to chemical
grafting of ammonia groups, which stimulates the adhesion of fibroblasts. Also, the maximal
roughness increase was registered for Ar/NH; plasma treated samples when NH; concentration
was 20-30% (Table 1). However, the results showed statistically significantly better adhesion of
cells when Ar plasma was used relative to untreated samples, which is in good agreement with

the values of the £ potential. These values were more negative for the Ar plasma-treated surfaces.

The hydrophilicity of the surface plays an important role in protein adsorption, but its role in
determining cell behaviour is still under discussion. A previous study [31] reported that the best
cell adhesion is typically obtained with hydrophobic materials with 7o < 30 dyn/cm. Other studies
showed that a hydrophilic surface is required for hydrophobic materials to provide attachment
and cell growth. In general, extreme levels of hydrophobicity and hydrophilicity are thought to
be disadvantageous for cell adhesion, whereas moderate values promote effective protein
adhesion [32]. At the same time, the presence of proteins at the surface provides successful cell
adhesion [33,34]. Just a change of surface chemical composition can be one of key factors for
protein adhesion (and, therefore, for cell growth) even roughness remains unchanged [35]. Many
of the well-investigated polymers 31,36-38] have water contact angles at which the best adhesion
of different mammalian cells can be observed. These angles were in the range of 30° to 50°,
which is lower than the values (70-80°) observed after Ar plasma processing and similar to the
range of the samples treated in ammonia plasma. These results can be explained not only by
taking into account the hydrophilic nature of the plasma-treated surfaces but also by considering
their electrokinetic characteristics. The largest values of the & potential (Figure 8) were observed
after Ar plasma treatment, and treatment in ammonia plasma resulted in & potential values that

were moderate compared with the intact polymer surface.

14



Conclusions

P3HB films were treated in different plasma atmospheres such as pure NHj, pure Ar and
mixtures thereof. Surface chemistry and topography changes were observed, such as increases in
the roughness parameters Sa and Sq caused by plasma surface etching of the P3HB polymer
films in the case of NH; plasma, and polymer chain cleavage was observed in the case of pure Ar
atmosphere. No surface modifications were observed aside from polymer chain cleavage in the
case of Ar plasma treatment. However, chemical groups containing nitrogen (e.g., N-C=0) were
formed on the surfaces of P3HB films treated in an NH3 atmosphere, which could explain the
increase in the C/O ratio with the increase in NHj; concentration in the Ar atmosphere.
Insignificant changes in both surface wettability and energy were observed after all plasma-
treated samples were exposed to air for 10 days. However, significant decreases in the contact
angles and increases in surface energy were observed compared with cases of untreated P3HB.
Increased NIH 3T3 fibroblast cell adhesion was observed in the case of Ar plasma treatment, and
this may be attributed to the & potential of 88.6 mV at neutral pH, which is lower than what is
observed with other treatment procedures and increases the surface roughness compared with
untreated P3HB samples. The cleavage of the polymer chains and the surface roughness also
increase. Thus, the results obtained show that plasma-treated P3HB films could be used in
different clinical applications, and they show that it is possible to adjust the surface chemistry

and wetting behaviour of the films.

Acknowledgements
This research was conducted at Tomsk Polytechnic University within the framework of the

Tomsk Polytechnic University Competitiveness Enhancement Programme grant.

References:
15



[1] M. Martina, D.W. Hutmacher, Biodegradable polymers applied in tissue engineering
research: a review, Polym. Int. 56 (2) (2007) 145-157.

[2] S. Chanprateep, Current trends in biodegradable polyhydroxyalkanoates, J. Biosci. Bioeng.
110 (6) (2010) 621-632.

[3] L.S. Nair, C.T. Laurencin, Biodegradable polymers as biomaterials, Prog. Polym. Sci. 32 (8)
(2007) 762-798.

[4] J.M. Anderson, Inflammatory response to implants, ASAIO Trans. 34 (2) (1987) 101-107.

[5] S.P. Valappil, S.K. Misra, A.R. Boccaccini, I. Roy, Biomedical applications of
polyhydroxyalkanoates, an overview of animal testing and in vivo responses, Exp. Rev. Med.

Dev. 3 (6) (2006) 853-868.

[6] G. Altankov, K. Richau, T. Groth, The role of surface zeta potential and substratum
chemistry for regulation of dermal fibroblasts interaction, Materialwissenschaft und

Werkstofftechnik 34 (12) (2003) 1120-1128.

[7] T. Pompe, K. Keller, G. Mothes, M. Nitschke, M. Teese, R. Zimmermann, C. Werner,
Surface modification of poly (hydroxybutyrate) films to control cell-matrix adhesion,

Biomaterials 28 (1) (2007) 28-37.

[8] D.S. Syromotina, R.A. Surmenev, M.A. Surmeneva, A. Boyandin, M. Epple, M. Ulbricht, C.
Oehr, T. Volova, Oxygen and ammonia plasma treatment of poly (3-hydroxybutyrate) films for
controlled surface zeta potential and improved cell compatibility, Mater. Lett. 163 (2016) 277—
280.

[9] O. Kylién, A. Choukourov, H. Biederman, Nanostructured plasma polymers, Thin Solid
Films 548 (2013) 1-17.

[10] S.A. Mirmohammadi, M.T. Khorasani, H. Mirzadeh, S. Irani, Investigation of plasma
treatment on poly (3-hydroxybutyrate) film surface: characterization and invitro assay, Polym.-

Plast. Technol. Eng. 51 (13) (2012) 1319-1326.

[11] P. Slepi¢ka, S. Styblova, N.S. Kasalkova, S. Rimpelova, V. Svoréik, Cytocompatibility of
polyhydroxybutyrate modified by plasma discharge, Polym. Eng. Sci. 54 (6) (2014) 1231-1238.

[12] P. Slepicka, Z. Mala, S. Rimpelova, N.S. Kasalkova, V. Svor¢ik, Plasma treatment of the
surface of poly (hydroxybutyrate) foil and non-woven fabric and assessment of the biological

properties, React. Funct. Polym. 95 (2015) 71-79.

16



[13] T. Jacobs, H. Declercq, N. De Geyter, R. Cornelissen, P. Dubruel, C. Leys, A. Beaurain, E.
Payen, R. Morent, Enhanced cell-material interactions on mediumpressure plasma-treated
polyhydroxybutyrate/polyhydroxyvalerate, J. Biomed. Mater. Res. Part A 101 (6) (2013) 1778—
1786.

[14] T. Volova, E. Kiselev, O. Vinogradova, E. Nikolaeva, A. Chistyakov, A. Sukovatiy, E.
Shishatskaya, A glucose-utilizing strain, Cupriavidus euthrophus B-10646: growth kinetics,
characterization and synthesis of multicomponent PHAs, Plos one 9 (2) (2014) e87551.

[15] L. Fernandez, M. Sanchez, F. Carmona, L. Palacio, J. Calvo, A. Hernandez, P. Pradanos,
Analysis of the grafting process of PVP on a silicon surface by AFM and contact angle,
Langmuir 27 (18) (2011) 11636—-11649.

[16] L. Ponsonnet, K. Reybier, N. Jaffrezic, V. Comte, C. Lagneau, M. Lissac, C. Martelet,

Relationship between surface properties (roughness, wettability) of titanium and titanium alloys

and cell behaviour, Mater. Sci. Eng. C 23 (4) (2003) 551-560.
[17] N. Fairley, CasaXPS Version 2.3. 14, Casa Software Ltd 2005, 1999.

[18] R.N. Reusch, A.W. Sparrow, J. Gardiner, Transport of poly-B-hydroxybutyrate in human
plasma, Biochimica et Biophysica Acta (BBA)-Lipids Lipid Metabol. 1123 (1) (1992) 33—40.

[19] Y. Wan, Y. Wang, Z. Liu, X. Qu, B. Han, J. Bei, S. Wang, Adhesion and proliferation of
OCT-1 osteoblast-like cells on micro-and nano-scale topography structured poly (L-lactide),
Biomaterials 26 (21) (2005) 4453-4459.

[20] K. Anselme, L. Ploux, A. Ponche, Cell/material interfaces: influence of surface chemistry

and surface topography on cell adhesion, J. Adhes. Sci. Technol. 24 (5) (2010) 831-852.

[21] X.-H. Qu, Q. Wu, J. Liang, X. Qu, S.-G. Wang, G.-Q. Chen, Enhanced vascular-related
cellular affinity on surface modified copolyesters of 3-hydroxybutyrate and 3-hydroxyhexanoate

(PHBHHx), Biomaterials 26 (34) (2005) 6991-7001.

[22] M. Nitschke, G. Schmack, A. Janke, F. Simon, D. Pleul, C. Werner, Low pressure plasma
treatment of poly (3-hydroxybutyrate): toward tailored polymer surfaces for tissue engineering

scaffolds, J. Biomed. Mater. Res. 59 (4) (2002) 632—638.

[23] I. Keen, P. Broota, L. Rintoul, P. Fredericks, M. Trau, L. Grondahl, Introducing amine
functionalities on a poly (3-hydroxybutyrate-co-3-hydroxyvalerate) surface: comparing the use

of ammonia plasma treatment and ethylenediamine aminolysis, Biomacromolecules 7 (2) (2006)
17



427-434.

[24] N. Kasalkova, Z. Makajova, M. Patizek, P. Slepicka, K. Kolafova, L. Bacakova, V.
Hnatowicz, V. Svoréik, Cell adhesion and proliferation on plasma-treated and poly (ethylene

glycol)-grafted polyethylene, J. Adhes. Sci. Technol. 24 (4) (2010) 743-754.

[25] N.S. Kasalkova, P. Slepicka, P. Sajdl, V. Svor¢ik, Surface changes of biopolymers PHB and
PLLA induced by Ar+ plasma treatment and wet etching, Nucl. Instrum. Meth. Phys. Res. Sect.
B: Beam Inter. Mater. Atoms 332 (2014) 63—-67.

[26] S.D. Li, J.D. He, P.H. Yu, M.K. Cheung, Thermal degradation of poly (3-hydroxybutyrate)
and poly (3-hydroxybutyrate-co-3-hydroxyvalerate) as studied by TG, TG—FTIR, and Py—
GC/MS, J. Appl. Polym. Sci. 89 (6) (2003) 1530-1536.

[27] N.S. Kasalkova, P. Slepicka, Z. Kolska, V. Svorcik, Wettability and Other Surface
Properties of Modified Polymers, Wetting and Wettability, InTech, 2015.

[28] K.S. Siow, L. Britcher, S. Kumar, H.J. Griesser, Plasma methods for the generation of
chemically reactive surfaces for biomolecule immobilization and cell colonization-a review,

Plasma Process. Polym. 3 (6-7) (2006) 392—418.

[29] T. Von Woedtke, S. Reuter, K. Masur, K.-D. Weltmann, Plasmas for medicine, Phys. Rep.
530 (4) (2013) 291-320.

[30] S.I. Ertel, A. Chilkoti, T.A. Horbetti, B.D. Ratner, Endothelial cell growth on
oxygencontaining films deposited by radio-frequency plasmas: the role of surface carbonyl

groups, J. Biomater. Sci. Polym. Ed. 3 (2) (1992) 163—183.

[31] E.A. Vogler, Structure and reactivity of water at biomaterial surfaces, Adv. Colloid

Interface Sci. 74 (1) (1998) 69-117.

[32] Z. Ma, Z. Mao, C. Gao, Surface modification and property analysis of biomedical polymers
used for tissue engineering, Colloids Surf. B Biointerfaces 60 (2) (2007) 137-157.

[33] N.R. Gandavarapu, P.D. Mariner, M.P. Schwartz, K.S. Anseth, Extracellular matrix protein
adsorption to phosphate-functionalized gels from serum promotes osteogenic differentiation of

human mesenchymal stem cells, Acta Biomater. 9 (1) (2013) 4525-4534.

[34] T.E. Douglas, M. Vandrovcova, N. Krocilova, J.K. Keppler, J. Zarubova, A.G. Skirtach, L.
Bacakova, Application of whey protein isolate in bone regeneration: effects on growth and

osteogenic differentiation of bone-forming cells, J. Dairy Sci. 101 (1) (2018) 28-36.
18



[35] Y. Xu, M. Takai, K. Ishihara, Protein adsorption and cell adhesion on cationic, neutral, and
anionic 2-methacryloyloxyethyl phosphorylcholine copolymer surfaces, Biomaterials 30 (28)
(2009) 4930-4938.

[36] P. Van Wachem, T. Beugeling, J. Feijen, A. Bantjes, J. Detmers, W. Van Aken, Interaction
of cultured human endothelial cells with polymeric surfaces of different wettabilities,

Biomaterials 6 (6) (1985) 403—408.

[37] P. Van Wachem, A. Hogt, T. Beugeling, J. Feijen, A. Bantjes, J. Detmers, W. Van Aken,
Adhesion of cultured human endothelial cells onto methacrylate polymers with varying surface

wettability and charge, Biomaterials 8 (5) (1987) 323-328.

[38] J.H. Lee, G. Khang, J.W. Lee, H.B. Lee, Interaction of different types of cells on polymer
surfaces with wettability gradient, J. Colloid Interface Sci. 205 (2) (1998) 323-330.

19



Figures and tables captions:
Figure 1. AFM image of untreated P3HB (a) and modified P3HB films in Ar (b) and NHj3 (c)

plasma.

Figure 2. AFM image of modified P3HB films in a plasma mixture of Ar/NHj: (a) Modified
P3HB in a plasma mixture of Ar/NHj; (80/20), (b) Modified P3HB in a plasma mixture of
Ar/NHj3 (70/30), (¢) Modified P3HB in a plasma mixture of Ar/NH; (60/40); (d) Modified P3HB
in a plasma mixture of Ar/NHj3 (50/50); (e) Modified P3HB in a plasma mixture of Ar/NHj

(30/70).

Figure 3. XPS survey spectra of untreated and Ar, NH3, and Ar/NH3 plasma-treated P3HB films.

Figure 4. The dependence of C/O ratio on the concentration of NHj3 in plasma in comparison
with the theoretical value, measured value from untreated and treated P3HB film in Ar plasma.

Figure 5. Typical high-resolution XPS spectra of the untreated P3HB (a) and treated films
obtained using different plasmas: (b) pure Ar, (c) 100% NHs, (d) 70-30 % Ar/NHs, (e) 60-40 %

Ar/NHs, (f) 50-50 % Ar/NH.

Figure 6. Typical high-resolution XPS spectra of P3HB films treated with different plasmas: (a)
pure NHj3, (b) 70-30 % Ar/NHs, (c) 60-40 % Ar/NHs, (d) 50-50 % Ar/NHj;

Figure 7. The water contact angle, Young’s contact angle (a) and surface free energy (dispersive
component —filled in color and polar component - dashed patterns) (b) depending on Ar and NH3

plasma treatment. Storage times in air after plasma treatment were 1 day and 10 days.

Figure 8. Zeta potential vs pH curves corresponding to untreated and modified P3HB films.

Figure 9. Analysis of growth of NIH 3T3 fibroblasts on P3HB polymer films treated in low-
temperature plasma. (a) MTT quantification on days 1, 3 and 7. Data are shown as the mean +
confidence interval (P < 0.1); * and ** denote significant differences with *P < 0.1 and **P <

0.05, n = 3. (b) Fluorescent microscopy images of adherent fibroblasts (FITC staining).
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Table 1. Effect of plasma treatment on P3HB roughness parameters.

Table 2. Relative atomic concentrations (%) of the chemical states observed in samples.

Table. 3. The & potential and IEP values for different plasma atmospheres.
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Table 1.

Type of surface processing Sa, nm Sq, nm Sz, nm Sdr, % r
Untreated P3HB 247431 31042 | 2187+245 34.9 1.35
P3HB, Ar plasma 260428 325430 | 21314442 55.4 1.55
P3HB, NHj; plasma 260+13 323+19 | 20654354 24.8 1.25
P3HB, Ar/NHj3 (80/20) plasma 367+154 448+177 | 2642+699 34.7 1.35
P3HB, Ar/NHj3 (70/30) plasma 334495 412+111 | 2393£762 36.7 1.37
P3HB, Ar/NHj3 (60/40) plasma 281480 349495 | 22234374 25.1 1.25
P3HB, Ar/NHj3 (50/50) plasma 242437 304+44 | 2106+631 51.7 1.52
P3HB, Ar/NHj3 (30/70) plasma 296+17 369+21 2483+194 40.9 1.41
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Table 2.

Ne Substrates Relative atomic concentrations, % C/O ratio
Cls O ls Ar2p N 1s
1 | P3HB 68.75 31.25 0.00 0.00 2.2
2 | Ar-treated P3HB 67.58 31.3 1.12 0.00 2.16
3 | NHs-treated P3HB 65.93 27.12 0.00 6.96 243
4 | Ar/NH; (60/40)-treated P3HB 65.24 27.82 0.63 6.31 2.35
7 | Ar/NHj3 (70/30)-treated P3HB 64.52 27.71 0.88 6.89 2.33
8 | Ar/NH; (50/50)-treated P3HB 65.58 27.6 0.88 5.95 2.38
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Table 3.

& potential at pH=7, mV IEP
P3HB -46.5 -
Ar plasma -88.6 2.34
Ar/NH3; (80/20%) plasma -53.6 491
Ar/NH3; (70/30%) plasma -61.7 4.52
Ar/NH3; (60/40%) plasma -62.3 4.66
Ar/NH; (50/50%) plasma -55.6 4.22
Ar/NH; (30/70%) plasma -64.5 4.17
NH; plasma -69.8 4.22
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