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A B S T R A C T   

The fundamental aspect of the fabrication of microporous, fibrous biomaterials in form of scaffolds is the opti
mization of their surface properties to enhance cellular response. In this work, a novel approach to physico- 
chemical modification and bioactivity enhancement of electrospun fibrous polycaprolactone (PCL) nonwovens 
using soft X-ray/extreme ultraviolet (SXR/EUV) irradiation and exposure to a low-temperature, SXR/EUV 
induced, nitrogen and oxygen plasmas is presented for the first time. 

Chemical alterations and morphology of the fibrous structure of irradiated PCL mats were examined using X- 
ray photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM), respectively. The impact of 
introduced changes on viability, morphology, and adhesion of L929 mouse fibroblasts was examined. It was 
found that simultaneous interaction of SXR/EUV radiation and N2 or O2 photoionized plasmas led to strong 
chemical decomposition of the surface of fibrous PCL mats. Also, mats’ spatial porous structure was not damaged 
and the fibers were not broken or fused. All modified samples demonstrated cyto-compatible and non-cytotoxic 
properties. Enhancement of L929 cell adhesion and increased proliferation were also observed.   

1. Introduction 

Biomaterials in the form of microporous scaffolds, with a strongly 
developed three-dimensional spatial structure, are used in regenerative 
medicine as temporary substrates providing an appropriate environment 
for the regeneration of damaged tissues and organs. These substrates are 
generally designed to serve as the temporal extracellular matrix (ECM), 
allowing the differentiation and proliferation of the deposited cells [1–3]. 
The success of the treatment process highly depends on the properties of 
such three-dimensional biomaterials. In order to accelerate the regener
ation and obtain new, fully functional tissue, it is necessary to adjust the 
physicochemical and mechanical properties of the scaffold to the pa
rameters of the tissue being replaced [4–6]. The degradation time of a 
biomaterial is also of high importance. It should be well synchronized 
with the time of the regeneration process to ensure optimal conditions 

throughout the healing period [7,8]. For this reason, biodegradable and 
biocompatible polymers such as aliphatic polyesters including poly
glycolide (PGA), polylactide (PLA), or polycaprolactone (PCL), and their 
copolymers, are widely used to construct scaffolds used for regenerative 
medicine. Specifically, PCL has attracted the attention of many re
searchers. This material is a semi-crystalline aliphatic polyester, exhib
iting good chemical stability, high mechanical strength, and unique 
viscoelastic properties. However, due to its relatively low hydrophilicity 
and lack of active functional groups on its surface promoting the 
adsorption of proteins, the affinity of cells to this hydrophobic polymer is 
limited. Therefore, it is very important to modify it appropriately to 
overcome these disadvantages and significantly improve its bioactivity to 
increase the potential of using this material in tissue engineering. 

Many techniques have been used for PCL scaffolds modification, 
including laser treatment [9], grafting or coating with gelatin or other 

* Corresponding author. 
E-mail address: joanna.czwartos@wat.edu.pl (J. Czwartos).  

Contents lists available at ScienceDirect 

Applied Surface Science 

journal homepage: www.elsevier.com/locate/apsusc 

https://doi.org/10.1016/j.apsusc.2022.154779 
Received 1 July 2022; Received in revised form 31 August 2022; Accepted 1 September 2022   

mailto:joanna.czwartos@wat.edu.pl
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2022.154779
https://doi.org/10.1016/j.apsusc.2022.154779
https://doi.org/10.1016/j.apsusc.2022.154779
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/


Applied Surface Science 606 (2022) 154779

2

natural polymers [10–13], composing or coating with micro- or nano
particles (carbon nanotubes (CNTs), hydroxyapatite (HA), bioglasses 
(BGs)) [7,14,15], chemical modifications [16,17] and the most popular 
and universal technique of scaffold bioactivation: low-temperature 
plasma treatment [18–21]. Exposure of scaffolds to cold plasma leads 
to several changes on their surface: crosslinking, surface ablation, nano- 
or micropatterning, strong chemical structure alterations such as atoms 
or polar functional groups incorporation (e.g. –COOH, –COO, –NH2, 
–OH, etc.). As a result, the hydrophobic character of scaffolds changes 
to hydrophilic, and its cytocompatibility is enhanced. It is worth noting, 
however, that the plasma treatment effect on polymer surfaces, partic
ularly the wettability properties observed, is not permanent and changes 
over time. It is related to the polymer aging process. Aging time is 
different for each polymer and strictly depends on the plasma parame
ters used and the chemical structure of a polymer. Wettability improved 
right after plasma exposure (i.e. decrease of surface contact angle), can 
deteriorate over time, and in some cases return to original values or 
values very close to original ones [22–26]. 

The effect of plasma treatment on the physicochemical properties of 
scaffolds and cell-scaffold interactions has been examined by many 
scientific groups. For example, Asadian et al. [21] observed that N2, Ar, 
and the mixture of He/NH3 plasma treatment of PCL scaffolds induced 
strong chemical changes in their structure, i.e. grafting of a polar group, 
containing oxygen or nitrogen atoms, which significantly improved the 
wettability of scaffold fibers. On the other hand, such treatment did not 
noticeably affect the fiber structure of the scaffold. All three variants of 
plasma functionalization of PCL scaffolds had noticeable, positive effects 
on human foreskin fibroblast (HFF) cell adhesion and proliferation. The 
most explicit cell adhesion and proliferation effect were observed for the 
scaffold fibers treated with Ar plasma. Examinations conducted by 
Martins et al. [27] also showed that treating electrospun PCL nanofiber 
meshes with Ar (and O2) plasma led to strong adhesion and increased 
cell viability, in this case, human umbilical endothelial cells (HUVEC), 
compared to unmodified PCL fibers. Other studies exhibited that surface 
modification of PCL scaffolds using low-temperature plasma can posi
tively impact their adhesion abilities which are very important in terms 
of adjusting the coating features to specific therapeutical needs [28–30]. 

The goal of the paper is to present a novel, alternative technique of 
modifying organic polymers, including the nanofibrous form of scaf
folds, used in biomedicine and tissue engineering, which has never been 
presented before. This technique is based on the photoionization of 
gases (in this case nitrogen or oxygen), with nanosecond soft X-ray (SXR) 
and extreme ultraviolet (EUV) pulses, coming from laser-produced Xe 
plasma (LPP). Exposing polymers to SXR/EUV radiation leads to abla
tion, topography changes in their structure, and strong chemical 
decomposition [31–34]. Moreover, when low-temperature plasma 
induced by SXR/EUV irradiation in a gas (oxygen or nitrogen) is used at 
the same time, new functional groups appear and nitrogen or oxygen 
atoms are incorporated into the structure of modified polymers. 

In our previous papers so far [35–38], polymers were modified using 
the experimental setup in which low-temperature plasma was induced 
through irradiation of a small portion of gas (e.g. N2, O2) with a focused 
EUV beam. An ellipsoidal collector was used for this, which effectively 
focused radiation emitted from laser-plasma. However, using this col
lector during irradiation and modification of polymer surfaces leads to 
its gradual degradation as various decomposition products from irradi
ated polymers deposit on its reflective surfaces. This, in turn, decreases 
its reflection coefficient in the EUV range. To avoid these disadvantages, 
the new arrangement of the experimental setup was used for the first 
time for the research described in this paper. In this case, no SXR/EUV 
collector was used and the laser beam was focused directly on the Xe/O2 
or Xe/N2 double-stream gas puff target (stream of Xe gas coming from 
the nozzle is surrounded by nitrogen or oxygen). Interaction of laser 
beam with Xe results in the creation of high-temperature laser-plasma 
which emits radiation in SXR and EUV range. This radiation ionizes O2 
or N2 gas surrounding the Xe stream and leads to the creation of low- 

temperature O2 or N2 plasma. Irradiation parameters (i.e. laser pulse 
energy, number of pulses, a distance of SXR/EUV, and photoionized 
plasma source from the sample) were optimized and adjusted so that 
low-temperature O2 or N2–based plasma is the dominant factor that 
affects the modification process. It was important to ensure that radia
tion coming from laser-plasma is low enough to have no destructive 
effect on the sheer structure of the sample, and specifically not to lead to 
the melting of nano- and microfibers of the scaffold. 

The effect of SXR/EUV radiation and low-temperature plasma (N2 or 
O2), achieved using the new arrangement of the experimental setup, on 
the chemical composition and morphology of PCL scaffold surfaces was 
examined using X-ray photoelectron spectroscopy (XPS) and scanning 
electron microscopy (SEM), respectively. Also, the impact of physico- 
chemical changes of modified PCL samples on the viability, 
morphology, and adhesion of L929 mouse fibroblasts was evaluated. 

2. Materials and methods 

2.1. Fabrication of electrospun PCL nonwovens 

The polycaprolactone (PCL) fibrous nonwovens were fabricated 
using the electrospinning machine (FLUIDNATEK® LE-5, Bioinicia, 
Spain) with Air Conditioning (Bioinicia, Spain) at room temperature and 
humidity of ~40 %. PCL (Mw = 80.000 g/mol, Sigma-Aldrich, UK) was 
dissolved in a solvent mixture of acetic acid: formic acid (1:9) (Sigma- 
Aldrich, UK), at a concentration of 12 wt% according to our protocol 
[39]. A high-voltage power supply (12 kV) was applied to the needle of 
the electrospinning apparatus, while the needle tip-to-collector distance 
was fixed at 100 mm and the flow rate of the polymer solution was 600 
ml/h. The PCL mat was deposited on the aluminum foil (thickness of 30 
µm, Rotilabo®, Roth Selection, Germany), which was attached to the 
collector. The thickness of the mat obtained was 600 µm ± 18 µm. After 
the electrospinning process, all mats were placed under the fume hood 
to evaporate solvents in the fibers. 

2.2. Modification of PCL nonwovens 

A laser-produced plasma (LPP) soft X-ray/extreme ultraviolet (SXR/ 
EUV) source, driven by 10 Hz Nd:YAG, was used for the modification of 
electrospun PCL nonwovens. The SXR/EUV source was based on a 
double-stream gas-puff target irradiated with an Nd:YAG laser (NL 129, 
EXPLA) producing 8 ns in duration, 2.1 J energy pulses. The gaseous 
target was created by the pulsed injection of a Xe gas into a hollow 
stream of nitrogen or oxygen (Xe/N2 or Xe/O2 target) using an elec
tromagnetic valve system equipped with a double nozzle setup, syn
chronized with the laser system – Fig. 1. Interaction of a focused laser 
beam with the target results in the formation of a high-temperature Xe 
plasma emitting intense radiation in the SXR and EUV range which 
ionizes surrounding nitrogen or oxygen gas. As a result, the Xe laser- 
plasma is surrounded by low-temperature N2- or O2-based plasmas, 
induced by intense SXR/EUV radiation pulses. 

Fig. 2 presents three SXR/EUV spectra from the gas puff target source. 
The first one is the emission spectrum from plasma created in the gas-puff 
target scheme in which the Xe is surrounded by He as a buffer gas. It is a 
basic variant of the SXR/EUV source based on a gas-puff target, described 
in our many previous publications [40,41]. The other two spectra are 
related to our current configuration, presented in this paper, in which the 
buffer gas He was replaced with N2 or O2. In such cases, the intensity of 
SXR/EUV radiation decreases due to the absorption of radiation in N2 and 
O2. This leads to the creation of low-temperature N2- or O2-based plasmas 
which can be used for surface processing, and at the same time, the 
remaining radiation interacts with the surface. 

PCL polymer sample was exposed to one of these plasmas and to the 
part of the SXR/EUV radiation which was not absorbed by the gases. The 
exposure was performed using 10 SXR/EUV pulses. The polymer to be 
exposed was mounted on a tripod at a distance of ~11 mm from the 
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nozzle setup. This resulted in a circular modification of the PCL area 
having a diameter of 5 mm. The setup presented and its novel config
uration had never been used before for modification of the samples. 

2.3. Characterization of PCL samples 

2.3.1. Morphology (SEM) 
The morphology of non-modified and modified PCL nonwovens was 

analysed using scanning electron microscope SEM (JEOL JSM-6390LV, 
Japan). All samples studied were first coated with a gold layer of 5 
nm thickness using a sputter coater (Smart Coater DII-29030SCTR, 

Japan). During the scanning process, the acceleration voltage was 5 
kV and the working distance was 5 mm. The SEM images of the PCL 
microstructures were used in order to measure the diameters of the fi
bers (100 measurements) with ImageJ software (v. 1.51j8, USA). 

Total average porosity p was estimated as in our previous study [42] 
from the equation: 

p =
Vt − Vf

Vt
=

(

1 − Vf *
ρ
mt

)

=

(

1 −
mf

mt

)

where mt is the hypothetical mass of solid sample determined as a 
product of volume occupied by a patch Vt and PCL density ρ (1.21 g/ 

Fig. 1. Scheme of experimental arrangement for the modification of the fibrous PCL scaffolds with SXR/EUV radiation and low-temperature nitrogen and oxy
gen plasma. 

Fig. 2. The spectrum of the soft X-ray/extreme ultraviolet (SXR/EUV) radiation emitted from Xe plasma: created in a double stream gas-puff target scheme, with 
three buffer gases: He, N2, and O2. 
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cm3), and Vf and mf are real sample volume and mass, respectively. 
Average pore size P was estimated using the following equation [43]: 

P =
2D

(1 − p)

where D is mean fiber diameter and (1-p) is average total projected 
area of fibers per unit area with p taken approximately as total porosity. 

2.3.2. Chemical analysis (XPS) 
Chemical analysis of untreated and modified PCL electrospun non

wovens with 10 SXR/EUV pulses and low-temperature O2 or N2 plasma 
was performed using X-ray photoelectron spectroscopy. XPS spectrom
eter (Prevac, Poland), equipped with SCIENTA R3000 analyser (VG 
Scienta, Sweden) and an X-ray lamp with Al Kα anode (Prevac, Poland), 
was used. During the measurements, the pressure in the ultra-high 
vacuum analysis chamber of the XPS system was about 3 × 10-9 mbar. 
High-resolution spectra in the narrow ranges of binding energy with a 
40 meV step and pass energy of 100 meV for each band: C1s (281 
eV–292 eV), N1s (395 eV–405 eV), and O1s (528 eV–538 eV) were 
recorded. The peaks related to C1s, N1s, and O1s bands were fitted using 
CasaXPS software. The background of Shirley type and Gaus
sian–Lorentzian (G–L) line shape (GL 50 for C1s, GL 60 for N1s, and GL 
55 for O1s) were fitted for all these bands. All XPS spectra collected were 
shifted in such a way that the maximum of the C–C peak was at 285 eV. 

2.4. Biological studies 

2.4.1. Cell culture 
L929 mouse fibroblasts (Sigma-Aldrich, Germany) were cultured in 

Dulbecco’s modified eagle medium (DMEM, Sigma-Aldrich, Germany) 
supplemented with 10 % of fetal bovine serum (FBS, Thermo Fisher 
Scientific, Waltham, MA, USA) and 1 % of antibiotics solution con
taining 10 000 U/mL penicillin and streptomycin (Thermo Fisher Sci
entific, Waltham, MA, USA) following the manufacturer’s instructions. 
The completed medium was replaced twice a week. Cells were sub
cultured via washing with phosphate-buffered saline (PBS, Life Tech
nologies, USA) and trypsinized (trypsin-EDTA, Life Technologies, USA). 
Cells were maintained at 37 ◦C in a humidified atmosphere containing 5 
% CO2. 

2.4.2. Presto Blue cell viability assay 
The quantitative correlation between the Presto Blue (Thermo Fisher 

Scientific, USA) fluorescence signal and the cell number was done (data 
not shown). L929 fibroblasts were seeded on ethanol (Sigma-Aldrich, 
Germany) sterilized PCL samples placed in a 48-well plate in the amount 
of 2.5 × 103 cells per well. Cells were grown in the incubator at 37 ◦C in 
a humidified atmosphere containing 5 % CO2 for 3, 5, and 7 days. Presto 
Blue reagent was added to cells for 2 h and fluorescence intensity was 
measured using the microplate reader system FLUOstar OPTIMA 
(Thermo Fisher Scientific, Waltham, MA, USA). The experiments were 
carried out with 6 replicates each. 

2.4.3. Fluorescence microscope imaging of cellular morphology 
L929 fibroblasts were cultured on PCL scaffolds placed in a 48-well 

plate in the amount of 2.5 × 103 cells per well. After 1 and 3 days 
cells were rinsed in PBS (Life Technologies, USA) and were fixed with 3 
% paraformaldehyde (PFA) (Sigma-Aldrich, Germany) for 30 min at 
room temperature. After permeabilization with TritonTM X-100 (0.1 % 
in PBS) (Sigma-Aldrich, Germany) for 5 min, F-actin was stained with 
ActinGreen™ 488 ReadyProbes™ (MolecularProbe, USA). The nuclei 
were counterstained with NuncBlue™ reagent (Invitrogen™, USA). 
Stained cells seeded on the samples were visualized with a fluorescence 
microscope (Leica DMI3000B, Leica Microsystems, Wetzlar, Germany) 
using appropriate filters. 

2.4.4. SEM imaging of cellular morphology 
The cellular morphology of L929 cells cultured on PCL scaffolds was 

investigated using SEM. The PCL samples with fibroblasts were washed 
with PBS twice and fixed through immersion in glutaraldehyde (GA) 
(Sigma-Aldrich, Germany) for 1 h. Afterward, cells were cleaned with 
PBS (Life Technologies, USA) 3 times to remove toxic residuals of GA. 
Then, the specimens were dehydrated with ethanol solutions. The 
30–100 wt% of ethanol (EtOH) Sigma-Aldrich, Germany) was applied in 
increasing order and exchanged every 30 min with EtOH/HMDS (hex
amethyldisilazane) mixture (Sigma-Aldrich, Germany). Finally, samples 
were submerged in 100 % HMDS and left to dry under the hood. Samples 
were sputter-coated with 5 nm of a gold layer (Smart Coater DII- 
29030SCTR, Japan) and examined with the scanning electron micro
scope (JEOL JSM-6390LV, Japan) using a voltage of 10 kV. 

2.4.5. Statistical analysis 
Data were expressed as the mean ± standard deviation (SD). The 

statistical analysis was performed in TIBCO Statistica 13.3 (TIBCO 
Software Inc, 2017, USA). To estimate the significant differences among 
viabilities of non-modified and modified PCL scaffolds, the factorial 
analysis of variance (Factorial ANOVA followed by Tukey’s post-hoc 
test) was performed. Data were considered significant when p < 0.05. 

3. Results and discussion 

3.1. Morphological characterization of electrospun PCL nonwovens 
(SEM) 

Scanning electron microscopy (SEM) images of pristine PCL sample 
and modified with SXR/EUV radiation and low-temperature oxygen and 
nitrogen plasma are presented in Fig. 3. As can be seen in subfigures, for 
all discussed cases, electrospun PCL nonwovens represent highly porous 
structures composed of randomly oriented, i.e. without any preferred 
orientation, interconnected nano-, and microfibers, with beadless 
morphology.For PCL pristine mat (Fig. 3a), it was found that the fiber 
diameter distribution is highly asymmetric with diameters ranging from 
~150 nm up to ~1250 nm, an average diameter of 718 ± 26 nm, and the 
dominant value of 850 nm. As can be seen in the SEM images, the 
structure of the PCL mats, when modified in the presence of low- 
temperature nitrogen or oxygen plasma, did not significantly change 
their porous, three-dimensional structure (Fig. 3b and 3c). Exposure to 
10 several-nanosecond long SXR/EUV radiation pulses and photo
ionized plasmas did not lead to any damage to individual fibers and the 
overall structure of the mat. For two cases of modification, it was 
observed that the thinnest fibers in some parts of the mat structure (with 
the lowest diameters below ~400 nm), were ablated due to photon 
induced fragmentation of polymer chains associated with a plasma 
thermal effect, leading to more symmetric fiber diameter distributions 
(Fig. 3b and 3c). As a result, the average values of the diameters of PCL 
scaffold fibers modified in plasma oxygen increased to 792 ± 18 nm, 
while for PCL fibers, modified in the presence of nitrogen plasma this 
value was 766 ± 16 nm. The corresponding dominant values were 850 
and 750 nm, respectively. To sum up, the exposure of PCL samples to 
simultaneous radiation of laser-plasma and low-temperature oxygen and 
nitrogen plasmas did not significantly and, specifically, negatively affect 
the physical changes of the mat structure. The porosity of the analysed 
samples was ~76.2 % and the mean pore size, P, was ~6 µm. 

The examinations of the effect of low-temperature plasma modifi
cation of polymer scaffolds made of PCL on their morphology were also 
the subject of research by many other authors. They also observed a 
similar phenomenon of ablation of the thinnest fibers of the three- 
dimensional structure [18,27]. The disappearance of the thinnest fi
bers leads to the formation of empty spaces between the scaffold fibers, i. 
e. formation of micropores, which, as it turns out, may have a beneficial 
effect on cells. It has a positive effect specifically on some types of cells, 
such as fibroblasts, which can freely form an elongated cell body there 
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and spread out [44]. 
Other studies emphasize that the use of inappropriate parameters of 

the cold plasma treatment, such as too long exposure time may lead to 
the total destruction of the porous scaffold morphology which is a result 
of the fusing of the fibers. As a consequence, the scaffold becomes a 
structure that is unusable for tissue engineering applications [45]. 

3.2. Chemical analysis of non-modified and modified PCL electrospun 
nonwovens 

The analysis of the chemical composition of unmodified and modi
fied PCL electrospun nonwovens was carried out based on high- 
resolution XPS spectra. For this analysis, the model describing the C1s 
and O1s bands was used, developed based on non-modified reference 
PCL material in form of foil. The chemical structure of PCL mer is shown 

in Fig. 4. Fig. 5a and 5b depict the XPS spectra: C1s and O1s band, 
respectively, for a non-modified reference PCL sample. Four peaks were 
modeled for this material’s C1s band, representing the following 
chemical groups: C–C (carbon atom marked as C1) - at 285 eV (FWHM 
1.3 eV), C*–C––O(–O) (carbon atom marked as C2) – at 285.6 (FWHM 

Fig. 4. Chemical structure of polycaprolactone’s mer.  

Fig. 3. SEM images of electrospun PCL nonwovens: (a) pristine and modified with SXR/EUV radiation and low-temperature (b) oxygen and (c) nitrogen plasma.  
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1.3–1.4 eV), C–O (carbon atom marked as C3) – at 286.6 eV (FWHM 
1.3 eV), C––O(–O) (carbon atom marked as C4) – at 288.9–289.0 eV 
(FWHM 1.2–1.3 eV) and three peaks for O1s band, for the following 

groups: O––C (oxygen atom marked O1) – at 531.8 eV (FWHM 1.5 eV), 
O–C (oxygen atom marked O2) – at 533.1 eV (FWHM 1.5–1.6 eV), 
O–Hads.(oxygen atom marked O3) – at 534.4 eV (FWHM 2.3 eV). The 

Fig. 5. XPS spectra of non-modified reference PCL material (in form of foil): (a) O1s band and (b) C1s band.  

Fig. 6. XPS spectra of non-modified (pristine) electrospun PCL nonwoven: (a) O1s band and (b) C1s band.  

Table 1 
Binding energy range, FWHM range, and atomic concentration of different functional groups for reference PCL (in form of foil), PCL pristine, and PCL modified 
(reference PCL peaks given in rows are given in bold letters).  

Symbol of the peak Chemical group Position (eV) FWHM [eV] PCL_reference (at.%) PCL_pristine (at.%) PCL_N2 (at.%) PCL_O2 (at.%) 

C1 C–C 285.0 1.3  40.31  32.68  23.36  20.75 
C2 C*–C––O(O) 285.6 1.3–1.4  11.84  11.18  7.36  9.30 
C3 C–O 286.6 1.3  11.84  11.18  7.36  9.30 
C4 C––O(–O) 288.9–289.0 1.2–1.3  11.84  11.18  7.36  9.30 
C5 C––C 284.6 1.4  –  8.91  20.73  19.63 
C6 O–C–O/C––O 287.9 1.3  –  0.51  –  2.15 
C7 CH3–C*–COO 285.9 1.3  –  –  0.73  1.56 
C8 C–O–C 287.1 1.3  –  –  2.00  1.39 
C9 C–N 286.1 1.3  –  –  4.00  – 
C10 N–C––O/N–C–O 288.0 1.3  –  –  1.92  – 
N1 N–C/N––C 398.9 2.1  –  –  4.00  – 
N2 N–C––O 399.7 1.9  –  –  1.92  – 
O1 O––C 531.8 1.5  11.84  11.18  7.36  9.30 
O2 O–C 533.1 1.5–1.6  11.84  11.18  7.36  9.30 
O3 O–Hads. 534.4 2.3  0.51  0.82  0.35  0.90 
O4 O––C–O/O––C–N(N2 modif.) 530.8–530.9 1.7  –  0.47  2.32  1.34 
O5 O–H/O––C(*) 532.3 1.5–1.7  –  0.69  1.90  5.80  
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model developed appropriately describes the chemical structure of PCL 
mer and is consistent with the literature [20,21]. 

The model developed for PCL foil was used for non-modified (pris
tine) PCL electrospun nonwoven. The XPS spectra for this sample are 
presented in Fig. 6. Two additional peaks were added to the bands C1s 
and O1s: C––C (C5) at 284.6 eV (FWHM 1.4 eV), O–C–O/C––O (C6) at 
287.9 eV (FWHM 1.3 eV) and O––C–O (O4) at 530.8–530.9 eV (FWHM 
1.7 eV), O–H/O––C(*) (O5) at 532.3 eV (FWHM 1.5–1.7 eV), respec
tively, (it was assumed that O––C(*) is formed when the structures O––C 
(O)O and O––C–O are formed). The presence of these additional func
tional groups in the non-modified nonwoven’s C1s and O1s bands, 
compared to the reference PCL foil, can be the result of electrospinning 
being the process of fabrication, during which high voltage is applied. 
However, this can be confirmed through further research. 

Next, the analysis of nonwovens modified with SXR/EUV radiation 
and low-temperature oxygen or nitrogen plasma was carried out based 
on the model developed for the pristine nonwoven. As demonstrated in 
previous papers, simultaneous irradiation of surfaces of various organic 
polymers with EUV radiation and low-temperature plasmas results in 

their strong surface chemical decomposition [36–38,46]. EUV photon’s 
energy is high enough to randomly break the atomic bonds in polymer 
chains and, as a result, form various functional groups and combinations 
of functional groups on their surfaces. On the other hand, the application 
of low-temperature plasma induced by EUV radiation near the polymer 
surface allows the introduction of additional atoms and functional 
groups which were not present in the original polymer material. 

The results of the analysis of the modified PCL samples are presented 
in Table 1. For the PCL nonwoven modified with oxygen low- 
temperature plasma two additional peaks were introduced to the C1s 
band: CH3–C–COO (C7) at 285.9 eV (FWHM 1.3 eV) and C–O–C (C8) 
at 287.1 eV (FWHM 1.3 eV) – Fig. 7. 

For the PCL nonwoven modified with low-temperature nitrogen 
plasma four additional peaks were introduced to the C1s band: 
CH3–C–COO (C7) – at 285.9 eV (FWHM 1.3 eV), C–O–C (C8) at 
287.1 eV (FWHM 1.3 eV), C–N (C9) at 286. 1 eV (FWHM 1.3 eV) and 
N–C––O/N–C–O (C10) at 288.0 eV (FWHM 1.3 eV) – Fig. 8. Since 
nitrogen atoms were incorporated into the surface of PCL fibers, an 
additional N1s band occurred. This band was modeled with two peaks 
representing the following functional groups: N–C/N––C (N1) at 398.9 
(2.1 eV) and N–C––O (N2) at 399.7 eV (FWHM 1.9 eV), which corre
spond to the functional groups from C1s band with nitrogen in their 
structure, i.e. C9 and C10. The O1s band’s peak, represented by the 
chemical group O––C–O for the pristine nonwoven and the one modi
fied with oxygen plasma, in this case, due to similar binding energy, can 
be also represented by a chemical group in which a single-bonded car
bon with oxygen is bonded with a nitrogen atom. Therefore, it can be 
represented by a group O––C–N. 

Summing up, exposing PCL nonwoven to nitrogen plasma results in 

Fig. 7. XPS spectra of PCL nonwoven modified with SXR/EUV radiation and low-temperature oxygen plasma: (a) O1s band and (b) C1s band.  

Fig. 8. XPS spectra of PCL nonwoven modified with SXR/EUV radiation and low-temperature nitrogen plasma: (a) O1s band, (b) N1s band, and (c) C1s band.  

Table 2 
The atomic concentration of carbon, nitrogen, and oxygen for reference PCL, 
PCL pristine, and PCL modified.  

Elements PCL_reference 
(at.%) 

PCL_pristine 
(at.%) 

PCL_N2 

(at.%) 
PCL_O2 

(at.%) 

C  75.8  75.6  74.8  73.4 
N  –  –  5.9  – 
O  24.2  24.3  19.3  26.6  
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the introduction of a significant amount of nitrogen into the nonwoven’s 
structure. As Table 2 shows, the percentage content of nitrogen in the 
nonwoven modified with nitrogen plasma amounts to 5.9 at.%. When 
incorporated into the surface structure of PCL nonwoven fibers, nitrogen 
atoms displace oxygen atoms and the percentage content of the latter 
decreases to 19.3 at.%. The percentage content of oxygen in PCL foil and 
pristine PCL nonwoven was 24.2 at.% and 24.3 at.%, respectively, and 
the rest was carbon. As expected, modification with oxygen plasma leads 
to the increase of the percentage content of oxygen to 26 at.%, which is 
higher than ~2.3 at.% compared to reference PCL foil and nonwoven. 

3.3. Cell attachment and growth investigation of L929 fibroblasts on 
plasma-treated PCL nonwovens 

The introduction of physico-chemical alterations on the surfaces of 
fibrous polymeric structures used in tissue engineering has a tremendous 
and positive impact on cell behaviour. These changes can significantly 
enhance the properties of the scaffold in terms of its biocompatibility 
and bioactivity [47]. In previous sections, it has been shown that the 
usage of the new, alternative technique of modification, strongly 
changes the chemical composition of the surface of the scaffold fibers 
and simultaneously does not destroy the spatial structure of the scaffold. 
In order to evaluate how the presented technique, i.e. SXR/EUV radia
tion and low-temperature, SXR/EUV induced, O2 or N2 plasmas, affect 
cytocompatibility of the modified PCL scaffolds, viability, morphology, 
and cell spreading studies on L929 mouse fibroblasts were performed. 

The viability of the L929 fibroblast cells on unmodified and modified 
PCL nonwoven surfaces is shown in Fig. 9. Tests were carried out using 
Presto Blue assay on days 3, 5, and 7 after cell seeding on PCL samples. 
As can be seen in the figure, the dependence of the effect on the type of 
plasma used during the modification process was clearly noted. The 
viability of cells on the PCL fibers modified with oxygen and nitrogen 
plasma increased significantly after 3, 5, and 7 days compared to the 
results on the control sample (not exposed to plasma). Moreover, a 
significant increase in L929 viability between the 3rd and 7th day and 
the 5th and 7th day for both plasma-treated conditions was revealed. 
Finally, on the 7th day of cell culture, a significant increase in cell 
viability under oxygen plasma compared to nitrogen plasma and un
treated PCL nonwoven was also noted. Obtained results revealed that all 
the tested PCL samples were not cytotoxic. However, a strong effect of 
oxygen plasma conditions on the viability of L929 fibroblasts compared 
to nitrogen plasma treated PCL and untreated sample was proven. 

The cellular spreading and proliferation of L929 fibroblast cells on 
unmodified and modified PCL nonwoven surfaces is presented in Fig. 10. 
For that reason, the cells were stained for F-actin and DNA and fluo
rescence was visualized with a laser scanning confocal microscope. Tests 
were carried out on 1 and 3 days after cell seeding on PCL samples. The 
24-hour cultivation of cells on the tested surfaces did not show differ
ences in the number of cells. However, cells grown on PCL scaffolds 
modified with oxygen and nitrogen plasma were better spread and 
elongated compared to round fibroblasts on unmodified PCL. After 3 
days of L929 cell cultivation on the tested samples, a increase in pro
liferation of cells on both plasma-modified surfaces was revealed 
compared to the untreated PCL. As mentioned above, differences in the 
cell behaviour on PCL samples were indicated with yellow arrows in the 
figure. Moreover, the greater proliferation on the surface modified with 
oxygen plasma compared to the nitrogen plasma treated PCL was noted, 
thus the results are in agreement with data from the performed viability 
test. Furthermore, greater elongation and spread of fibroblasts providing 
better adhesion were observed on the oxygen plasma-modified surface. 
A similar effect was observed with SEM imaging presented in Fig. 11. 
Well-adhered cells with a flattened morphology and filopodia formation 
were observed on the 3rd day of the cultivation on the oxygen plasma- 
treated surface compared to untreated PCL and nitrogen plasma-treated 
surfaces. 

The correlations between various types of plasma modification of 
PCL and increase in cell adhesion as well as proliferation and viability 
were shown in numerous publications. Recek et al. [48] investigated the 
influence of O2, NH3 or SO2 plasma treatments of PCL scaffold on 
HUVEC. The highest viability and adhesion of HUVEC on O2 and NH3 
plasma-treated surfaces were revealed. Furthermore, O2 and NH3 
plasma-treated samples showed enhanced endothelialization of this 
material. Siri et al. [19] observed an increase in adhesion of NIH 3 T3 
murine fibroblasts due to the air plasma treatment of PCL. Modification 
made the surface more suitable for tissue engineering because of the 
increased surface hydrophilicity. Asadian et al. [21] observed higher 
viability of HFF cells due to N2, He/NH3, and Ar plasma modification of 
PCL nanofibers compared to the untreated sample with the strongest 
impact of Ar plasma treatment. Improved cell attachment and viability 
of 7F2 osteoblasts on PCL modified with O2 plasma treatment were 
noted by Yildirim et al. [49]. The analysis of cell viability and adhesion 
in this paper demonstrates that the results are consistent with the 
literature data. 

To better understand the cause of changes in the viability and 
adhesion of L929 cells on SXR/EUV and plasma O2 or N2 modified PCL 
nonwovens, it is worth considering the role of functional groups on the 
polymer surface because they influence cell behaviour [50]. Oxygen 
plasma treatment enters functional groups such as OH or COOH 
increasing hydrophilicity and promoting binding sites for integrin re
ceptors on cells [30]. Abarrategi et al. [51] noted that the presence of 
variously charged functional groups (–CH3, –OH, –COOH, and –NH2 
groups) on the surface regulate the adsorption of fibronectin via binding 
integrins. The cell adhesion would be increased as follows: OH >
COOH═NH2 > CH3. Based on the XPS results (Table 1, 2) PCL surface 
treated with low-temperature oxygen plasma was enriched with a higher 
number of OH groups (Table 1) (O3, O5) and other oxygen-related 
groups (C3, C4, C6) compared to both control sample and PCL treated 
with nitrogen plasma. It indicates the presence of the stronger negatively 
charged surface of PCL treated with oxygen plasma compared to other 
samples and the surface charge is also a key factor affecting cell adhe
sion. It was shown that the negative charge on the surface can promote 
the adsorption of proteins enhancing cell adhesion [29,52], and strong 
adhesion to the substratum promote high cell proliferation [19,21]. 
Moreover, the presence of additional functional groups (Table 1) regu
lating surface charge and polarity can be responsible for increased 
viability and significant cell-surface adhesion of fibroblasts on PCL 
nonwoven treated with oxygen plasma. 

Many reports investigate also the influence of uniformity of the 

Fig. 9. Cell viability of L929 cells cultured on PCL samples non-modified and 
modified with SXR/EUV radiation and low-temperature oxygen and nitrogen 
plasma for 3, 5, and 7 days post-seeding. Error bars represent the standard 
deviation of the mean. Results were considered significant when p* < 0.05. 
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Fig. 10. L929 cells cultivated on: untreated PCL (PCL_pristine), PCL treated with SXR/EUV radiation and low-temperature oxygen (PCL_O2), and nitrogen (PCL_N2) 
plasma for 1 and 3 days. Yellow arrows indicate differences in cell adhesion under the studied conditions. The F-actin (green, left column) and nuclei (blue, middle 
column) staining of L929 cells are visualized. The merge view is presented in the right column. The scale bar is 100 µm. (For interpretation of the references to colour 
in this figure legend, the reader is referred to the web version of this article.) 
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scaffolds on cell attachment. It was shown that better uniformity of the 
scaffolds structure enhances cell adhesion [53,54]. According to the 
fiber diameter diagram (see Fig. 3), plasma-treated surfaces possess a 
much more even and uniform structure because the part of the fibers 
with the smallest diameter was removed after plasma treatment. 
Moreover, the most uniform diagram of the fiber diameter was observed 
on the oxygen plasma-treated sample. The effect is presented in Fig. 3a. 
Thus it also can confirm the better spreading and adhesion of cells on 
those surfaces. A similar plasma-treated effect was observed elsewhere 
[18]. 

To sum up, in this study increased viability of L929 was achieved on 
both oxygen and nitrogen-modified surfaces compared to the control. 
However, the effect of the sample treatment with oxygen plasma was 
much more significant compared to that of nitrogen plasma. Better cell 
adhesion on plasma-modified surfaces, in particular, with oxygen 
plasma, correlates with a higher proliferation of L929 fibroblasts. 

4. Conclusions 

In this work, the influence of usage of a novel technique of modifi
cation, i.e. SXR/EUV radiation and two low-temperature, SXR/EUV 
induced, oxygen and nitrogen plasmas, on physico-chemical and bio
logical properties of electrospun PCL nonwovens was presented. It was 
found that such modification did not significantly change the porous, 
three-dimensional structure of the fibrous PCL scaffolds. The PCL fibers 
were unbroken nor fused. It was observed that the thinnest fibers with 
diameters below ~400 nm were ablated which led to more symmetric 
fiber diameter distributions with slightly higher average diameters. 
However, the interaction of SXR/EUV radiation and two types of low- 
temperature plasmas with the surfaces of the PCL nonwovens induced 
strong chemical alteration of their surfaces. It was observed that various 
new functional groups appeared on the surface of fibers, such as 
CH3–C*–COO, C–O–C, C–N, N–C––O or N–C–O. The incorpora
tion of 5.9 at.% nitrogen atoms (when modified with nitrogen plasma) 
and the increase in the percentage content of oxygen atoms of ~2.3 at.% 
(when modified with oxygen plasma), compared to non-modified PCL 
mat, were noticed. The impact of these physico-chemical changes of 
modified PCL samples on the viability, morphology, and adhesion of 
L929 mouse fibroblasts was examined. All modified PCL surfaces were 
found not to be cytotoxic to cells. A significant increase in the viability of 
fibroblasts on both O2 and N2 plasma-treated PCL structures, compared 
to the non-modified sample, was observed. However, the effect was 
stronger for the samples treated with oxygen plasma than those treated 
with nitrogen plasma. Also, better adhesion on all modified PCL mats, 
compared to PCL pristine, was noticed – especially on PCL samples 
modified with oxygen plasma which resulted in a higher proliferation of 
L929 in this case. Therefore, based on the presented results, it can be 
concluded that the novel technique applied may be considered an 
interesting, useful, and attractive tool for surface bioactivation of 
various fibrous electrospun polymeric materials to be used in tissue 
engineering or biomedicine. However, further in-depth research on this 

subject is required. 
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