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SEM images with overlap EDAX spectra of Ti of the elecrospun PCL scaffolds after the plasma treatment for
the different time periods: (a) untreated scaffolds, scaffolds treated for 30 s (b), 60 s (c), 120 s (d), 240 s
(e) and 480 s (f).
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Representation of PCL chemical structure and the energies of the homolytic bond cleavage (kcal/mol) (a)
37 and Cl1s (b), Ol1s (c) and N1s (d) core level spectra of the control PCL scaffolds (0 s) and PCL scaffolds
38 treated with plasma for 30, 60, 120 and 240 s.
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Representation of PCL chemical structure and the energies of the homolytic bond cleavage (kcal/mol) (a)
and Cl1s (b), Ol1s (c) and N1s (d) core level spectra of the control PCL scaffolds (0 s) and PCL scaffolds

treated with plasma for 30, 60, 120 and 240 s.
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Viability (a) and endocytic activity (b) of human monocyte-derived macrophages cultured with unmodified
19 and plasma treated PCL scaffolds for 6 days. Viability was evaluated using Alamar Blue assay. Endocytosis
20 was studied by measuring uptake of acetylated low-density lipoprotein acLDL-Alexa488. The pooled data
21 from three independent experiments are presented as mean O SD. No significant differences were found
22 (p<0.0001; one-way ANOVA with Tukey's correction).
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ABSTRACT: Direct current (DC) reactive magnetron sputtering is as an efficient method
for enhancing the biocompatibility of poly (g-caprolactone) (PCL) scaffolds. However,
PCL chemical bonding state, the composition of the deposited coating and their interaction
with immune cells remains unknown. Herein, we demonstrated that DC reactive magnetron
sputtering of the titanium target in a nitrogen atmosphere leads to the formation of nitrogen-
containing moieties and the titanium dioxide coating on the scaffolds surface. We have
provided the possible mechanism of PCL fragmentation and coating formation supported
by XPS results and DFT calculations. Our preliminary biological studies suggest that DC
reactive magnetron sputtering of titanium target could be an effective tool to control
macrophage functional responses towards PCL scaffolds as it allows to inhibit respiratory

burst while retaining cell viability and scavenging activity.
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1. INTRODUCTION

During the last decades much attention has been drawn to the development of the tissue
engineering scaffolds based on synthetic biodegradable polymers 2. Poly (e-caprolactone)
(PCL) is a superior polymer for being considered as a biomaterial for a scaffold production due
to adjustable biodegradability, lack of isomers and good physico-mechanical properties 2. PCL-
based tissue engineering scaffolds can be produced by a number of techniques # and be present
in the form of films >, 3D printed structures " and electrospun scaffolds °. Among them,
electrospinning (ES) is the most promising and commonly used one %4, An ability of fibrous
PCL-based scaffolds fabricated by ES to mimic the structure of extracellular matrix (ECM)
and their good mechanical performance ° make them suitable for various biomedical
applications *°.

Despite all the advantages and the fact that several PCL-based medical devices have been
already approved by FDA to be used in human ¢, the hydrophobicity of PCL and a lack of
functional groups hinder the material interaction with surrounding cells and tissues 1’. Several
approaches have been applied to improve electrospun PCL-based scaffolds properties
including surface modification '#° and composite production %23, Previously we have
reported that polymer biodegradable scaffolds can be modified by reactive magnetron plasma
that occurres under a working gas atmosphere during the sputtering of a solid target 2426, It
was shown that direct current (DC) plasma magnetron sputtering is an effective tool to increase
polymer biocompatibility and set specific surface properties by means of different plasma
parameters and treatment conditions. Recently, we demonstrated the possibility of PCL-based
scaffolds modification by DC reactive magnetron sputtering of the titanium target in a nitrogen
atmosphere °. This promising technique allows for the deposition of thin titanium-nitrogen
coatings on the surface of thermoplastic polymers with low melting points such as PCL. The
modification at certain parameters improved the biocompatibility and hydrophilicity of the
PCL-based scaffolds without affecting their physico-mechanical properties. However, the
influence of the reactive plasma treatment at different regimes on the PCL chemical bonding
state as well as the composition of the deposited coating remains unknown. Given that surface
chemistry has a major impact on cell response to biomaterials 3, this issue requires in-depth
studies.

Although the modified PCL-based scaffolds showed good biocompatibility towards
endothelial cells °, their interaction with immune cells have not been studied. The adverse

immune reactions to the implanted material can lead to immediate negative outcomes such as
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intense pain, inflammation or even rejection or delayed effects such as chronic inflammation
2128 In all cases, scaffold loses its function as supportive platform for tissue regeneration.
Among the immune cells, macrophages play a key role in mediating immune response towards
implanted materials orchestrating the inflammation and tissue remodeling stages 2°3!. The
PCL-based scaffolds with titanium-nitrogen coating might have dual effect on macrophages.
On the one hand, titanium and titanium dioxide are considered to be biocompatible, for
example, it was shown that hydrophilic rough titanium surface induces anti-inflammatory
macrophage activation 3233, On the other hand, titanium wear particles released from the
scaffold surface might result in proinflammatory response 33, Thus, it is crucial to study the
immune reactions towards the PCL-based scaffolds modified by DC reactive magnetron
sputtering of the titanium target in a nitrogen atmosphere.

The aim of the research is to investigate the influence of the DC plasma treatment at different
regimes on the PCL chemical bonding state as well as the composition of the deposited coating

and its effect on human macrophages.

2. MATERIALS AND METHODS

2.1 Scaffolds Production

The fibrous scaffolds were produced by electrospinning (ES) from an 8% solution of PCL
(80,000 g/mol, Sigma-Aldrich, UK) in chloroform (Fisher, UK) using NANON-01A (MECC
Co., Japan) equipment. The following technological parameters were applied: a flow rate of
the polymer solution — 5 mL/h, a needle-to-collector distance — 190 mm, and a voltage — 20
kV. The thickness of obtained scaffolds — 280+23 um.

2.2 DC Plasma Treatment

The produced PCL scaffolds were placed in a vacuum at 1072 Pa for 10 h before the
modification in order to remove the residual solvent. Scaffold modification was performed
using the magnetron sputtering system described by us earlier *® in a DC mode at the following
parameters: the target material — chemically pure (99.99%) titanium (Ti); the atmosphere — dry
99.99% nitrogen (N>), the power discharge — 40 W; the current — 0.2 A, the operating pressure
in the chamber — 0.7 Pa; the distance between magnetron and the target — 40 mm; the magnetron
area — 240 cm?; and the modification times — 30, 60, 120, 240 and 480 s.

2.3 Scanning Electron Microscopy (SEM)

The images of the cross-section of the produced PCL scaffolds were obtained by SEM on an
ESEM Quanta 400 FEG instrument (FEI, USA). Prior to the investigation, samples were coated
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with a thin gold layer by the magnetron sputtering system (SC7640, Quorum Technologies
Ltd., UK). The distribution of titanium concentration across the thickness of electrospun
fibrous scaffolds was studied by EDS (Genesis 4000, EDAX). Three independent experiments
were performed. In each experiment data were collected from at least 5 different areas.

2.4 X-Ray Photoelectron Spectroscopy (XPS)

XPS measurements were carried out with an Escalab 250Xi instrument (Thermo Fisher
Scientific Inc., UK) equipped with a monochromatic AlKa radiation source (photon energy of
1486.6 eV). The spectra were obtained in constant-pass energy mode at 100 eV for the survey
spectrum and 50 eV for the element core-level spectrum. The spot size of the X-ray beam was
650 um, and the total energy resolution was around 0.55 eV. Studies were conducted at room
temperature in an ultrahigh vacuum (with pressure of the order of 1 x 107° mbar; in the
electron—ion compensation system, the Ar partial pressure was 1 x 1077 mbar). The library of
the reference XPS spectra, including the atomic registration sensitivity factors, was available
in the Advantage Data System provided by the instrument manufacturer. The deconvolution o
the peaks was performed using Avantage software (Thermo Fisher Scientific Inc., UK) set to
Shirley background subtraction followed by peak fitting to Voigt functions with an 80%
Gaussian and 20% Lorentzian character. Each XPS experiment included 2 replicates. The
measurements were performed at least at 2 different locations for each replicate.

2.5 DFT studies

The theoretical calculations of neutral PCL and PCL radicals were performed using
Kohn—Sham density functional theory (DFT) in Gaussian 16 (Revision C.01) software ¥
Model PCL chains consisting of five monomers were fully optimized using global-hybrid GGA
functional B3LYP 38 that has been successfully used for similar systems before 3 and standard
6-311++G(2d,p) basis set. The stationary points were confirmed by harmonic frequency
calculations.

2.6 Monocytes isolation and culture

Monocytes were isolated from the buffy coats of the healthy donors provided by the German
Red Cross Blood Service Baden-Wiirttemberg — Hessen and from Tomsk Regional Blood
Center (Tomsk, Russia) as described previously *°. German cohort of donors was used for
endocytosis assay, Russian cohort — for viability assay and luminescence assay. Briefly, CD14
monocytes were purified by sequential Biocoll (Biochrom, Germany) and Percoll (Pharmacia,
Germany) density gradient centrifugation with subsequent positive magnetic selection using
CD14 microbeads (Miltenyi Biotec). Isolated monocytes were resuspended at a concentration

of 10° cells/ml in X-VIVO 10 serum free medium (Lonza, USA) supplemented with 1 ng/mL
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m-CSF (Peprotech, Germany) and 10 M dexamethasone (Sigma-Aldrich, Germany). Control
PCL scaffolds and PCL scaffolds treated with plasma for 30, 60, 120 and 240 s were cut in 1x1
cm square-shaped pieces and sterilized with ethylene oxide. Scaffolds were placed into the
wells of 24-well plate; cells cultured without a material were used as a control. For each well
2 ml of cell suspension containing 2 x 106 monocytes were added on top of the scaffold and
cultured for 6 days in CO; incubator at 37°C.

2.7 Cell viability assay

The effect of the fabricated scaffolds on macrophage viability on day 6 was studied using
Alamar Blue assay (ThermoFisher, USA). To perform the analysis Alamar Blue was added in
1:10 proportion in culture medium followed by 3 h incubation at 37°C. Thereafter, supernatants
were collected in a 96-well plate and the absorbance was monitored at 570 nm and 600 nm.
Three independent experiments were performed, with each experiment containing 2 replicates.
The viability was calculated as percentage relative to control.

2.8 Endocytosis

To study endocytic ability of macrophages after co-culture with the scaffolds, the uptake of
acetylated low-density lipoprotein acLDL-Alexa488 (ThermoFisher, USA) was evaluated. On
day 6 after the incubation, acLDL was added to the cells cultured on scaffolds at a concentration
of 2 ug/mL for 30 min. The cells were then detached from the scaffold surface using 0.25%
Trypsin-EDTA solution and washed three times with PBS (Gibco, USA). Quantitative analysis
of fluorescent ligand internalization was performed using flow cytometry (BD FACSCanto I,
Germany). Three independent experiments were performed, with each experiment containing
2 replicates.

2.9 Reactive oxygen species (ROS) production

ROS production was measured by Luminol-based luminescence assay. Control PCL scaffolds
and PCL scaffolds treated with plasma for 30, 60, 120 and 240 s were cut in 5 x 5 mm square-
shaped pieces, sterilized with ethylene oxide and then placed into the wells of a 96-well plate.
Prior to the cell addition, 100 pL of HBSS containing Ca** and Mg?" without phenol red
(HBSS") were added to each well. To evaluate the influence of the materials on spontaneous
ROS production, freshly isolated human monocytes were resuspended at 10° cells/mL in
HBSS" supplemented with 40 uM of Luminol and aliquoted (100 uL) into the wells on top of
the scaffolds. To evaluate the influence of the materials on phorbol 12-myristate-13-acetate
(PMA) induced ROS production, freshly isolated human monocytes were resuspended at 10°
cells/mL in HBSS™ supplemented with 40 uM of Luminol, aliquoted (100 pL) into the wells
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on top of the scaffolds and immediately stimulated with 100 nM PMA. Monocytes incubated
without scaffold were used as a negative control, whereas monocytes incubated without
scaffold and stimulated with 100 nM PMA were used as positive control. Luminescence was
monitored for 1 h with a 5-min reading interval using an Anthos Lucy 3 microplate reader
(Anthos Labtec Instruments GmbH, Austria). The curve of light intensity (in relative
luminescence units) was plotted against time, and the area under the curve was calculated as
integral luminescence. Three independent experiments were performed, with each experiment
containing 5 replicates.

2.10 Statistics

The data were analyzed with GraphPad Prism 8 software using the one-way ANOVA with
Tukey's correction. The difference was considered significant at a significance level of p<0.05.

3. RESULTS AND DISCUSSION

SEM images with overlapped EDAX Titanium spectra of the cross-section of elecrospun PCL

scaffolds are shown in Figure. 1.
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Figure. 1. SEM images with overlap EDAX spectra of Ti of the elecrospun PCL scaffolds
after the plasma treatment for the different time periods: (a) untreated scaffolds, scaffolds
treated for 30 s (b), 60 s (c), 120 s (d), 240 s (e) and 480 s (f).

The electrospun PCL scaffold consists of randomly intertwined cylindrical fibres with an
average diameter of 3.1 + 0.3 um and pore sizes 22.3 + 5.4 um. The cross-sectional study of
the scaffolds shows that the distribution of titanium concentration across the thickness of
electrospun fibrous scaffolds is not homogeneous. This is evidenced by the intensity profile of
the Ti K line in the direction from the surface to the inner volume of the sample. There is no
noticeable Ti signal in samples treated for 30 — 120 s. In sample treated for 240 s Ti was located
within a thickness of approximately 100 um, when treatment time was increased up to 480 s Ti
penetrated deeper into sample to a depth of approximately 150 pm.

It could be explained by two mechanisms: re-spraying of Ti and water/ions interaction. The
depth of the ions penetration into the bulk of the sample as well as the efficiency of the coating
re-spraying is proportional to the energy of the particles impacting the target. Thus, the Ti

penetration to the scaffold bulk is determined by the voltage and current between the sputtering
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target and cathode. Considering the fact that the discharge parameters were not changed during
the experiment, the depth of Ti penetration into the inner volume of the scaffold increased due
to re-spraying .

Moreover, Ti interaction with thin layer of absorbed water on the top of fibers and inside pores
is very likely processes which end up in oxidation reaction of titanium and formation thin layer
of TiO2. When water molecules absorbed on the closest to target layer of fibers interacted with
Ti ions, ions penetrate deeper in to the bulk of scaffold #“2. Due to considerable changes in
composition in the bulk of the material which may lead to changes in physical properties
sample treated for 480 s was excluded from further studies.

Table 1 shows an elemental composition of the surface of the control and modified PCL
scaffolds determined by XPS. The control scaffold contains carbon and oxygen in a ratio
typical for PCL %2, After the plasma treatment titanium and nitrogen appear on the scaffold
surface (Table 1). The atomic percentage of titanium on the PCL scaffold surface increases
with an increase in the treatment time. It is in agreement with our previous studies, where an
increase in the titanium amount on the material surface was observed by EDS analysis *.
Considering the Ti2p spectrum of the plasma-treated PCL film, where three peaks
corresponding to TiO2 can be found, namely, Ti2py> at 464.2 eV, Ti2p32 at 458.3 eV, and
satellite peak at 471.5 eV, we can conclude that TiO coating is deposited during the DC plasma
treatment (Figure. 2). The formation of TiO: is also confirmed by O1s core level spectra of the
plasma treated scaffolds, where an additional low-energy component corresponding to Ti-O
bond appears (Figure. 3 ¢). This component increases with an increase in the plasma treatment
time (Table 2, Figure. 3 c). Thus, the XPS results support the mechanisms of Ti penetration
into the bulk of the scaffold described above. The atomic percentage of oxygen on the scaffold
surface also increases, whereas the atomic percentage of nitrogen does not change significantly
over the treatment time. No Ti-N components are observed in the Ti2p or N1s spectra (Figure.
2, Figure. 3 d).

Table 1. Elemental composition of the surface of the control and modified PCL scaffolds
determined by XPS.

_ Atomic ratio
Sample Clat.%] | O[at.%] | N[at.%] | Ti[at.%] :
C/O Ti/N
Control 77.3 22.7 - - 341 -
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30 67.3 22.1 6.2 4.4 3.04 0.72
60 57.7 28.6 5.9 7.8 2.02 1.33
120 50.1 32.2 5.9 11.8 1.55 2.00
240 44.8 34.6 5.9 14.7 1.29 2.46

Thus, despite of the fact that plasma treatment was conducted in dry 99.99% Nz, the deposition

of TiO2 instead of TiN is observed at all the studied parameters. As we reported earlier, the

remaining water on the scaffold surface may account for this process **. Since the formation of

TiO; is thermodynamically favoured over TiN %, the ions from the sputtering target react first

with water giving TiOs.
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Figure. 2. Ti2p core level spectra of the PCL scaffolds treated with plasma for: a) 30 s; b) 60
s; ) 120's; d) 240 s.

Table 2. Relative area corresponding to the chemical bonds on the surface of the investigated

PCL scaffolds obtained after O1s core level spectra deconvolution.

Relative area corresponding to different chemical bonds on the PCL
Sample surface, %
C-O-C/C-OH (A), % 0O=C (B), % Ti-O (C), %
Control 49 51
30 60 12
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60 44 14 42
120 36 7 57
240 28 5 67

Table 3 shows the relative area corresponding to the chemical bonds on the surface of the
investigated PCL scaffolds obtained after C1s and N1s core level spectra deconvolution
(Figure. 3). Aninitial relative ratio of the C1-C4 components in the C1s spectrum of the control
PCL scaffolds correlates with the published data 2>4>%6 except an increased C1 component due
to the carbon contamination. Plasma treatment for 30 s altered the shape of C1s peak, increasing
C1 component and decreasing C4 component. The further increase in the treatment time

resulted in decrease in C2 and increase in C3 components (Figure. 3 b).
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Figure. 3. Representation of PCL chemical structure and the energies of the homolytic bond
cleavage (kcal/mol) (a) and C1s (b), O1s (c) and N1s (d) core level spectra of the control PCL
scaffolds (0 s) and PCL scaffolds treated with plasma for 30, 60, 120 and 240 s.

The mechanism of the coating deposition on PCL-based scaffolds surface is probably
similar to one described for polylactic acid ?°. First, N?* jons from plasma attack the PCL
surface with the formation of N- radicals. The simultaneous scissions of C-C, C-H and C-O
bonds in PCL could result in generation of various radicals. The energy available during the
plasma treatment largely exceeds the amount required to cleave any bond in PCL. However,
the process of bond scission is not random since formed radicals have different stability
(Figure. 3 a).

The predict the radicals that are more likely to appear on the PCL surface, the DFT
calculations at the B3LYP/6-311++G(2d,p) level of theory were performed. According to the
results, the least amount of energy (62.08 kcal/mol) is required for the cleavage of C-C bond

in PCL chain according to the top reaction shown in Scheme 1. It can be explained by the
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relative stability of radical A stipulated by conjugation between CH," radical center and the

neighbouring carboxy group.

62.08 kcaI/mol)k

0
E)J\O/\/\/\[(O\f

O

+ '\n/o\f
A, OAz
Q 64.11 kcal/mol
%&)]\OW\[]/O ;g )k \/\/\H/O\ f
0] A, O
64.61 kcal/mol

s?L)J\O/\/\/\n/ \;; %)J\ s .wo\f

0o A As O
Scheme 1. The thermodynamically favourable pathways of radical formation on the
homolytic C-C bond cleavage in PCL.

The energies required for the generation of other radicals from PCL are shown in Figure. 3
a. The cleavage of C-O bond with the formation of peroxy radical As(64.11 kcal/mol) is the
second possible pathway according to the calculation results (Figure. 3 a). The least
thermodynamically favourable pathway is proton abstraction (Figure. 3 a).

The cleavage of C-C bond with the formation of radicals A: and Az and subsequent
incorporation of oxygen into PCL chain as [-C-O-C-] or [-(C—OH)-] moieties would result
in increased C3 and decreased C2 component as observed by XPS (Table 3, Figure. 3 b). The
Az radical may undergo rearrangement followed by the elimination of CO>. It would result in

the decreased C4 component corresponding to C=0 bond and increased C1 component.

Table 3. Relative area corresponding to the chemical bonds on the surface of the investigated

PCL scaffolds obtained after C1s and N1s core level spectra deconvolution.

Relative area corresponding to different chemical bonds in PCL, %
Carbon Nitrogen
Sample NH2
C1l C2 C3 C4 and/or NHs+
H2NCO
BE (eV) 285.0 £ 285.6 £ 286.5 + 289.1 + 3999 + 402.5 £
0.2 0.2 0.2 0.2 0.2 0.2
PCL it 52 17 17 14 : :
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Control 63 14 10 13 - -
30 72 13 9 6 90 10
60 65 11 16 8 96 4
120 69 9 16 6 87 13

240 75 8 11 6 71 29

As can be seen from N1s spectra deconvolution after the plasma treatment (Figure. 3 d),

two components corresponding to amine and/or amide moieties (A, 399.6 eV) and
protonated/hydrogen bonded amine groups (B, 402.3 eV) #' appear. These functional groups
can be formed as a result of the reaction between the PCL radicals (Scheme 1) and N- radical.
The amide moiety could appear due to recombination of N- radicals and radicals generated
after homolytic cleavage of C-O bond in carboxy group or C-C bond in C-COOH fragment.
However, the formation of these species is less thermodynamically favourable - 75.32 kcal/mol
and 70.36 kcal/mol, respectively. The relative ratio between the components A and B changes
with an increase in plasma treatment time (Figure. 3 d). It is observed that component B
increases, most likely indicating the protonation/ hydrogen bonding of amino groups.
Overall, the XPS study shows that after the DC plasma treatment results in formation of
nitrogen-containing moieties and the titanium dioxide coating on the PCL scaffolds surface.
The functionalization of surface explains enhanced wettability and biocompatibility, observed
by us earlier 44,

To investigate the effect of the deposited coating on immune cells, primary human CD14+
monocytes were isolated and cultured on modified scaffolds. First, we evaluated the effect of
the fabricated materials on cell viability (Figure. 4 a). The results demonstrated that the
deposited coatings are not toxic towards human monocyte-derived macrophages during 6-day
culture period as cell viability did not differ significantly from the control PCL scaffolds.

We further studied the endocytic function of the macrophages cultured on scaffold surface
via evaluation of acLDL-Alexa488 uptake (Figure. 4 b). We have found that after the co-
culture with the scaffolds, monocyte-derived macrophages retain their endocytic ability

indicating that they preserve scavenging function.
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Figure. 4. Viability (a) and endocytic activity (b) of human monocyte-derived macrophages

cultured with unmodified and plasma treated PCL scaffolds for 6 days. Viability was

evaluated using Alamar Blue assay. Endocytosis was studied by measuring uptake of

acetylated low-density lipoprotein acLDL-Alexa488. The pooled data from three independent

experiments are presented as mean £ SD. No significant differences were found (p<0.0001;

one-way ANOVA with Tukey's correction).

To evaluate monocyte proinflammatory response, we studied the effect of the scaffolds on

spontaneous and PMA-induced ROS production (Figure. 5). Our results showed that while

untreated PCL scaffolds had no inhibitory effect on spontaneous respiratory burst, scaffolds

treated with plasma for more than 30 s significantly decreased ROS production (Figure. 5 a).
In case of PMA-induced ROS production, untreated PCL scaffolds and scaffolds treated for 30

s slightly lowered ROS levels, whereas scaffolds treated for 60, 120 and 240 s had a pronounced

inhibitory effect on respiratory burst (Figure. 5 b).
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Figure. 5. Effect of unmodified and plasma treated PCL scaffolds on spontaneous (a) and
PMA-induced (100 nM) (b) ROS production by primary human monocytes. ROS was

monitored for 1 h using Luminol chemiluminescence. The integral luminescence calculated
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over 1 h is shown. The data are presented as mean = SD of 5 replicates from one experiment,
and a representative experiment from three independent experiments is shown. Significant
differences compared to the control (a) and PCL (b) are indicated (p<0.0001; one-way
ANOVA with Tukey's correction).

The effect of the modified scaffolds on monocyte functional responses can be explained by
physico-chemical and morphological properties of the materials. Surface wettability is an
important factor that influences monocyte reaction 3. As was shown by SEM/EDAX and XPS
studies, one of the main components of the coating formed is TiO.. It was previously reported
that monocytes adhere well to Ti surface and demonstrate Ti-enhanced survival “8. Similarly,
we found modified materials to support macrophage viability over the cell culture period (6
days). Additionally, a hydrophilic TiO. along with nitrogen-containing moieties enhances
hydrophilicity of the scaffold surface. Indeed, we found that an increase in the plasma treatment
time from O to 240 s leads to a decrease in water contact angle from 123.0 + 2.6 to 65.3 + 2.9°
It was reported that hydrophilic rough TiO2 surfaces promote anti-inflammatory and pro-
healing activity of macrophages 3233, Our study also demonstrates that with an increase in the
plasma treatment time both spontaneous and PMA-induced ROS production by monocytes in
response to material presence decreases. In addition, macrophages retain scavenging activity.

The other important factor affecting monocyte reaction is surface topography: electrospun
PCL scaffolds might elicit different macrophage responses depending on mean fiber diameter.
In particular, RAW264.7 macrophages cultured on electrospun PCL scaffolds with a fiber
diameter of 116+30 nm had up-regulated mRNA expression of IL-6 and TNFa, whereas on
protein level only elevated secretion of TNF-a was found “°. The mRNA up-regulation of IL-
6, TNF-o and MIF-1 in response to electrospun PCL scaffolds with a fiber diameter of
0.69+0.54 um was also observed by authors in °°. On the other hand, RAW264.7 macrophages
cultured on PCL-based scaffolds with a mean fiber diameter of 5.59+0.67 um had increased
M2-associated gene expression including Argl and FiZZ1, which indicates that PCL-based
scaffolds with thicker fibers might stimulate M2 polarization ! . In current study PCL scaffolds
had an average fiber diameter of 2.1+0.67 um. Thus, a rather thick fibers along with surface
chemistry could contribute to anti-inflammatory response.

Overall, our preliminary findings show that the plasma treatment improves scaffold
biocompatibility towards macrophages mainly by altering surface chemistry of the materials.
The deposited coating imparts anti-inflammatory properties as shown by ROS inhibition as
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well as does not affect macrophage endocytic ability. However, the more comprehensive study
of macrophage responses towards the modified scaffolds is further required. This study should
address functional readouts of monocyte behavior (e.g. cytokine release, gene expression),
monocyte phenotype and cell attachment to scaffolds.

CONCLUSIONS

Herein, we have investigated the influence of the DC reactive magnetron sputtering of titanium
target in nitrogen atmosphere for various times on the PCL chemical bonding state. XPS
analysis supported with DFT calculations showed that the plasma treatment results in scissions
of C-C and C-O bonds in PCL leading to a formation of certain radicals. These radicals further
interact with N- radicals from plasma or H>O absorbed on the top of fibers and inside pores
contributing to the appearance of amine and amide groups on PCL surface. Alternatively, they
undergo rearrangement with the elimination of CO». Simultaneously, the formation of TiO2 on
the material surface is observed. An increase in the plasma treatment time results in deeper
penetration of TiO, coating saturated with nitrogen-containing moieties to the bulk of the
scaffold, which is proved by both EDAX and XPS. Our preliminary biological studies suggest
that DC reactive magnetron sputtering of titanium target could be an effective tool to control
human monocyte-derived macrophage functional responses towards PCL scaffolds. In
particular, we have observed that with an increase in the plasma treatment time both
spontaneous and PMA-induced ROS production by monocytes in response to material presence

decreases. In addition, macrophages retain viability and scavenging activity.
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