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Abstract

There is a growing trend in the engineering of biomate-
rials, focusing on surface modifications of biomaterials to
improve their mechanical strength, corrosion resistance, and
biological properties. Cold plasma treatment may improve
biological properties of biomaterials for biomedical applica-
tions by enhancing their integration with host tissue. This
study investigated the influence of different cold plasma
treatments on the surface properties of a polysaccharides-
-based biomaterial to improve cell adhesion to its surface.
The samples were subjected to plasma treatment using
three different reactors operating at atmospheric pressure:
gliding arc discharge (GAD) reactor, dielectric barrier dis-
charge (DBD) plasma jet, and DBD surface reactor. Next,
surface chemistry of the biomaterial after plasma treatment
was determined by ATR-FTIR analysis. Furthermore,
a cell adhesion assay on the samples was carried out using
normal human skin fibroblasts (BJ cell line). The attenuated
total reflection Fourier transform infrared analysis (ATR-
-FTIR) showed that new potential functional groups could
be formed on the material surface after plasma treatment.
However, plasma treatment of the samples did not enhance
cell adhesion to the surface of the polysaccharides-based
biomaterial. Thus, the obtained results indicate that plasma
treatment using GAD reactor, DBD plasma jet, and DBD
surface reactor was not effective for surface modification
and cell responses.

Keywords: curdlan, agarose, gliding arc discharge reactor,
dielectric barrier discharge plasma jet, dielectric barrier
discharge surface reactor, surface modification

[Engineering of Biomaterials 165 (2022) 2-6]

doi:10.34821/eng.biomat.165.2022.2-6

Submitted: 2022-09-23, Accepted: 2022-10-12, Published: 2022-10-28

® Copyright © 2022 by the authors. Some rights reserved.
@ Except otherwise noted, this work is licensed under
https://creativecommons.org/licenses/by/4.0

Introduction

Nowadays, there is a growing trend in the engineering
of biomaterials that focuses on surface modifications to
improve mechanical strength, corrosion resistance, and
biological properties of the implants, e.g. to increase cell
adhesion and proliferation and reduce the risk of infection
after implantation [1,2]. Surface roughness, wettability,
surface chemistry, and charge are among the factors that
influence cell adhesion [2,3]. Moreover, strong adhesion is
crucial for rapid cell proliferation and migration on the sur-
face of biomaterials used as potential implants [3]. It was
proven that polar and positively charged surfaces provide
the most effective adsorption of protein to the surface of
biomaterials, allowing good cell adhesion. For instance,
Keselowsky et al. reported that the adhesion of cells to
surfaces with differently chargeable functional groups fol-
lowed the trend: OH > COOH = NH, > CH,, by modulating
fibronectin adsorption and direct integrin binding of cells to
the fibronectin [3,4]. Plasma techniques are well-established
technologies commonly used to modify the chemistry and
topography of the biomaterials for different applications to
improve their biocompatibility and interactions with tissues.
Plasma techniques may be classified into two main classes:
thermal plasma that is used mainly as a surface coating
technology and low-temperature plasma that is used to
directly treat living tissues [1,2]. Electric plasmas depending
on the used substrate gas, allow formation of highly reac-
tive species, such as ions, electrons, photons, free radicals,
etc., which may further react with the treated material [5,6].

The aim of this work was to evaluate the impact of dif-
ferent cold plasma treatments, using 3 reactors operating
at atmospheric pressure: gliding arc discharge (GAD)
reactor, dielectric barrier discharge (DBD) plasma jet, and
DBD surface reactor, on the improvement of the surface
of biomaterials to increase cell adhesion. In the study,
a polysaccharides-based biomaterial containing curdlan
and agarose was used, whose surface has previously been
proven to be unsupportive to cell adhesion [7]. After the
plasma treatment, the surface chemistry of the biomaterial
was assessed by ATR-FTIR. Moreover, the evaluation of
cell viability and adhesion to the surface of plasma-treated
biomaterial was performed.

Materials and Methods

Preparation of biomaterial

The biomaterial composition was previously optimized to
achieve the most desired microstructural and physicochemi-
cal properties. The resultant curdlan/agarose biomaterial
and method for its production were claimed in the Polish Pat-
entno. 236367 (2021). Briefly, the biomaterial was prepared
by suspending 2% (w/v) curdlan (Wako Pure Chemicals
Industries, Japan) and 2% (w/v) agarose (Sigma-Aldrich
Chemicals, Poland) in deionized water. The suspension was
then transferred to round-shaped flat molds, which were
placed in a water bath at a temperature of 95°C for 20 min,
and then the resultant biomaterials were cooled and frozen
at -80°C for 24 hours. The frozen samples were lyophilized
for 18 h under medium vacuum of 6 x 102 mbar (LYO GT2-
Basic, SRK Systemtechnik GmbH, Riedstadt, Germany).
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Plasma generator and plasma treatment
of the surface of biomaterials

The plasma treatment was performed using three reac-
tors operating at atmospheric pressure: gliding arc discharge
(GAD) reactor, dielectric barrier discharge (DBD) plasma
jet, and DBD surface reactor. Their operating parameters
are summarized in TABLE 1, and the discharge geometry is
presented in FIG. 1. For each reactor, 3 series of repetitions
were performed for the treatment times of 30, 120 and 300 s.
The treatment time and distance were selected as the most
promising on the basis of the former research work using
DBD and GAD reactors [5,8].

Surface chemistry analysis of biomaterial
after plasma treatment

In the ATR-FTIR study on the identification of bonds
after plasma treatment, a FT-IR-4200 type A (Jasco, Tokyo,
Japan) spectrometer with ATR PRO ONE (Jasco, Tokyo,
Japan) single reflection attachment with ZnSe crystal was
used. The measurements were taken immediately after the
treatment, using a set screw with a torque limiter.

TABLE 1. Characteristics of plasma reactors.

Evaluation of cell viability and adhesion to the
surface of biomaterials after plasma treatment

Cell culture experiments were performed using normal
human skin fibroblasts (BJ cell line) obtained from the
American Type Culture Collection (ATCC-LGC Standards).
The BJ cells were incubated at 37°C in a humidified atmos-
phere (95%) with 5% carbon dioxide content and maintained
in Eagle’s Minimum Essential Medium (EMEM, ATCC-LGC
Standards, Teddington, UK) with 10% fetal bovine serum
(Pan-Biotech GmbH, Aidenbach, Bavaria, Germany), and
1% penicillin-streptomycin solution (Sigma-Aldrich Chemi-
cals, Poland).

Before the experiment, the cube-shaped biomaterials
(3 mm x 3 mm x 3 mm) were placed in 48-well plates and
preincubated overnight in 300 pl of the EMEM complete
culture medium. Then, 1 x 10° BJ cells (at passage 6) were
seeded on the biomaterials in the 500 pl culture medium and
cultured at 37°C for 48 hours. To evaluate cell viability and
adhesion to the surface of biomaterials, the BJ cells were
stained using Live/Dead Double Staining Kit (Sigma-Aldrich
Chemicals, Poland) and visualized using a confocal laser
scanning microscope (CLSM, Olympus Fluoview equipped
with FV1000, Olympus, Japan).
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Type Max. Mean Frequency Working gas Geometry
voltage power
GAD 3.7 kV 40W 50 Hz Forced nitrogen flow Sample placed perpendicular to the gas
(440 Iph) stream, 2 cm from the electrodes.
Surface 3.7 kV 10w 17 kHz Air Sample placed at a distance of 2 cm
DBD from the electrode, in a 37 dm?®
glass cubic container.
DBD 3.7kV 6W 17 kHz Forced flow of a mixture | Sample placed perpendicular to the gas
plasma jet containing helium (100 Iph) stream, 3 cm from the end
and nitrogen (1 Iph) of ceramic tube
a) b) ¢—Forced gas flow

7 — Forced gas flow

_ Glass tube

I~ Gliding arc

Sample

—_—

|~ Two copper electrodes
— with a length of 80 mm

— Ceramic tube
of 1.5 mm inner
diameter

Two ring-shaped
electrodes

with a diameter of 60 mm

—Plasma jet

E —— Sample

Flat outer electrode
| (30 x 1 mm) placed
on a dielecric plate

I ——— Discharge
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FIG. 1. Schematic diagrams of the atmospheric plasma treatment systems: (a) GAD reactor; (b) DBD plasma jet;

(c) surface DBD.
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Results and Discussions

Physicochemical analysis of the surface
of biomaterials after plasma treatment

The ATR-FTIR analysis was carried out for car-
bon and nitrogen bond matching. The presented
results were characterized by a low value of the
signal to noise ratio, which, combined with the
presence of many other peaks in the studied areas,
did not allow to clearly indicate the exact forma-
tion of permanent bonds. The noticeable changes
caused by plasma treatment were best seen for
the band in the range from 1300 to 1900 cm™,
where peaks characteristic for ketones (bands
1710-1720, 1680-1700, 1715-1810 cm™') and nitro
compounds (bands 1500-1600, 1300-1390 cm™")
were observed (FIG. 2). Peaks associated to
C=0 stretching (potentially of ketones or amides)
around 1640 and 1680 cm'; N-H bending of amines
around 1650 and 1340 cm™ and some peaks as-
sociated with both symmetrical and asymmetrical
N-O stretching around 1583 and 1350 cm-' could be
noticed. The measurements were carried out just
after the plasma treatment and changes in spectra
appeared for all the tested cases, including reac-
tors and treatment times (FIG. 2), in comparison
to the untreated material. As expected, the absorb-
ance value increased with the treatment time. The
highest absorbance values indicating potential
formation of new functional groups, which might
improve biocompatibility of plasma treated mate-
rial were obtained for the materials treated with the
surface DBD reactor. The absorbance value for
the mentioned peaks was on average 58% higher
than the GAD reactor and 157% higher than the
DBD plasma jet. Unfortunately, such high absorb-
ance did not find reflection during the evaluation
of cell viability and adhesion to the surface, which
may suggest that the 300 s treatment time was too
short to allow the formation of permanent bonds.
Moreover, some secondary reactions could take
place during the transportation and preservation
of samples, which effected in further regrouping,
leading to the loss of surface functionalization.
Thus, further investigations employing changing of
plasma treatment parameters are planned.

Evaluation of cell viability and adhesion
to the surface of biomaterials after plasma
treatment

Polysaccharides are often used in various tis-
sue engineering applications for the production
of implants or artificial organs. Natural polymers,
such as curdlan (linear bacterial B-1,3-glucan) and
agarose, are characterized by high biocompatibil-
ity, biodegradability, and wide availability making
them widely used in biomaterials engineering [9].
In our previous research [7], a curdlan/agarose bio-
material was developed which was characterized
by non-cytotoxicity and a foam-like structure with
superabsorbent ability. Moreover, the surface of the
fabricated biomaterial was unfavourable for cell ad-
hesion. In this study, the cold plasma treatment of the
developed biomaterial using different reactors was
performed to improve cell adhesion to its surface.
As shown in FIG. 3, the plasma treatments of the
surface of polysaccharides-based biomaterial did
not improve cell adhesion.
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FIG. 2. ATR-FTIR spectra of the curdlan/agarose biomaterials
after different plasma treatment times with (a) the DBD surface
reactor, (b) the GAD reactor, and (c) the DBD plasma jet reactor.
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FIG. 3. Evaluation of cell viability and adhesion to the surface of (a) plasma-treated biomaterials and (b) non-
treated biomaterial (Mat. Control) by Live/Dead double fluorescent staining and confocal laser scanning micro-
scope visualization (PS control — control cells cultured on the surface of polystyrene well of multiwell plate;
viable cells — green fluorescence; dead cells — red fluorescence; magnification 100x, scale bar = 150 pym).

The results obtained with Live/Dead staining of BJ cells
cultured on the surface of biomaterials after the plasma
treatment showed that the cells were viable (only green
fluorescence was detected), but had a round shape, mean-
ing that surfaces of biomaterials did not support cell attach-
ment and adhesion. The extended plasma treatment times
(from 30 to 300 s) were not effective for improvement of cell
responses either. Moreover, there were no differences be-
tween the morphology of the cells cultured on the surface of
the plasma-treated biomaterials and the non-treated control
biomaterial (Mat. control).

Conclusions

Plasma treatment is widely used to improve cell interac-
tions with polymer surfaces used in biomedical applications
[10-12]. In this study, it was proven that the plasma treatment
of the curdlan/agarose biomaterial using GAD reactor, DBD
plasma jet, and DBD surface reactor was not effective for
the surface modification and cell responses. Human fibro-
blasts cultured on the surface of biomaterials after plasma
treatment had a round shape, indicating that the biomaterial
surface did not support cell adhesion. Thus, further stud-
ies are needed to find an efficient plasma method that will
improve cell adhesion to the curdlan/agarose biomaterial.
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