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A B S T R A C T

In this study, polycaprolactone (PCL) nanofibrous mats (Ø: 144.2 ± 3.4 nm) were fabricated by electrospinning and subsequently exposed to a low-pressure plasma
polymerization treatment using 1-propanethiol as monomer. Surface characterization was performed utilizing several techniques: X-ray photoelectron spectroscopy
(XPS) for surface chemical analysis, water contact angle (WCA) measurements for wettability examination, scanning electron microscopy (SEM) for morphological
characterization as well as atomic force microscopy (AFM) for visualization of the topography of individual nanofibers before and after the plasma polymerization
process. Moreover, the biocompatibility of the untreated and plasma-modified nanofibers was also evaluated by seeding bone marrow stem cells (BMSTs) on the
samples and examining cell adhesion and proliferation using live/dead fluorescence imaging and MTT assays. The obtained results revealed that plasma exposure
time significantly affected the morphology as well as the surface chemical composition of the electrospun mats, while surface wettability was largely maintained. A
short exposure time of 5 s was found to maintain the advantageous nanofibrous morphology as only a very thin coating layer was deposited (range of a few nms),
while longer exposure times resulted in a gradual loss of the nanofibrous structure due to the inhomogeneous deposition of thicker coatings. Moreover, also the
sulphur amount was found to gradually increase with increasing exposure time resulting from the gradual growth of the deposited thiol-rich coating on the nanofibers
with a maximum of 14% of sulphur, correlating with a 6.7% eSH concentration after a plasma polymerization step of 1min. As the nanofibrous structure is highly
advantageous for cell growth, a 5 s plasma exposure time was selected for the cell studies, which proved that the deposition of a very thin thiol-rich coatings was able
to positively affect BMSTs adhesion and proliferation. These enhanced cellular responses can be attributed to the presence of thiol groups on the nanofibers which are
known to significantly increase the adhesion of culture medium proteins. It can thus be concluded that the incorporation of thiol functionalities via plasma poly-
merization can positively affect the cellular response of nanofibrous meshes and thus have large potential in tissue engineering applications.

1. Introduction

The application of polymeric nanofibers in the tissue engineering
field is strongly increasing due to their morphological similarity to the
extracellular matrix (ECM) which is composed of three-dimensional
networks of nanoscale fibrous proteins [1]. Tissue engineering is a
multidisciplinary science consisting of fundamental principles from
materials engineering and biology with the aim to fabricate and de-
velop an alternative substitute for failing tissues and organs [2]. Ac-
cording to literature, the regeneration of damaged tissue is acquired
when cells assemble their three-dimensional appearance around and
inside a supporting scaffold via biological activities such as adhesion,
migration, proliferation, and differentiation [3]. As most human tissues,
including bone, cartilage, tendon, skin, nerve, cardiac tissue and blood
vessels consist of fibrous structures, with fiber sizes ranging from na-
nometre to micrometre scale [4–5], artificial nanofibers are considered
to be excellent scaffold candidates for tissue engineering applications.

The most common nanofiber manufacturing methods are electrospin-
ning [6], phase separation [7] and self–assembly [8]. However, among
these methods, electrospinning of polymeric materials has recently re-
ceived great interest due to its simplicity, versatility, cost-effectivity
and scalability [4].

Numerous studies have been performed using various biodegrad-
able synthetic polymeric nanofibers in tissue engineering applications
such as polylactic acid (PLA) [9], polyglycolic acid (PGA) [10], poly
(lactic-co-glycolic acid) (PLGA) [11], polycaprolactone (PCL) [12–14]
or natural ones such as collagen [15], gelatin [16], silk [17] and chit-
osan [18–19]. However, due to some essential limitations of natural
polymers, like weak mechanical properties and poor reproducibility,
the usage of synthetic polymers has known a significant boost [20].
Among all synthetic polymers, semi-crystalline linear PCL is one of the
most suitable polymers for tissue engineering applications since it is a
slowly degradable-FDA-approved polymer – its degradation rate varies
between 6months and 2 years – with excellent mechanical properties
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[21]. PCL nanofibers can potentially be used in many applications due
to their desirable bulk properties, unfortunately, their surface proper-
ties are often not suitable for tissue engineering applications as they
exhibit poor cell-material interactions as a result of high surface hy-
drophobicity [3].

Besides wettability, also the surface chemistry of a nanofibrous
scaffold is known to influence cell fate. This factor not only has a direct
correlation with surface wettability, but also introduces chemical cues
for cell triggering signalling pathways (through protein adsorption),
which can control cell growth [22–23]. This biochemical characteristic
of nanofibers is an important aspect which can be controlled via surface
functionalization of nanofibers. The latter can be achieved through
three methods: [1] mixing bioactive agents with the biodegradable
polymer solutions to prepare bioactive composite nanofibers during
electrospinning [24]; [2] using a coaxial electrospinning technique
fabricating core-shell nanofibers [25] or [3] surface modification of
nanofibrous scaffolds after electrospinning [26]. Among the above-
mentioned methods, nanofiber surface modification is considered as
one of the most effective approaches as, under the right conditions, the
bulk material properties of the thermoplastic fibrous mat can be pre-
served. At this moment, a large selection of surface modification stra-
tegies is available. Most techniques focus on increasing the wettability
through the introduction of a mixture of polar functional groups. Albeit
being effective for boosting initial cell adhesion and proliferation, these
non-specific modifications tend to be of less interest for tissue en-
gineering, as, in this case, the surface often lacks the proper chemical
cues required to interact with the cells' signalling responsible for the
metabolic cascade leading to the efficient production of ECM compo-
nents. In contrast, the introduction of one specific type of functional
group at a surface has proven to be very efficient in inducing cell's
metabolic pathways required for efficient cell growth and differentia-
tion. Multiple examples are available in literature on the successful
incorporation of hydroxy, amines [27], amides [28], carboxylic acids
[29], and phosphate groups [30] on solid surfaces and their benign
effects on cell surface interactions. Despite the popular use of thiol
(-SH) groups for the immobilization of (bio)macromolecules, few stu-
dies are available on their cell-interactivity, even though thiols also
introduce a strong change in surface wettability, charge and chemical
functionality and can have a profound impact on cell-surface interac-
tions [31].

The most commonly used methods employed for thiolation of
polymeric materials are wet chemical in nature, for which the substrate
is immersed in a solution containing molecules bearing an eSH func-
tion [32–33]. For most of these processes, large amounts of solvents,
multistep reactions and long reaction times are required to obtain the
desired surface, which is unfavourable from an environmental and
economical point of view and might be the prime reason for the lack of
thiol cell-surface interaction studies, as most alternative types of surface
chemistries can be implemented in a more straightforward way
[34–39]. Moreover, when attempting to translate these wet chemical
treatments onto delicate nanofiber structures, deterioration of their
physical and mechanical properties often stands in the way [40]. Fi-
nally, (toxic) solvents tend to linger in the chemically-treated nanofi-
bers, thereby negatively affecting their biological response, as solvent
residue is known to become trapped into the microporous structure
[41]. As such, chemical treatments are not at all preferable for nano-
fibrous mats intended for biomedical applications, which would explain
as to why, to the best of our knowledge, no literature on the thiolation
of nanofibers and its effect on cell interactivity is currently available. In
this work, we therefore propose the use of non-thermal plasma poly-
merization of organic monomers containing one or more thiol func-
tionalities as an environmentally friendly and less severe method to
generate thiol-rich nanofibers. This technique utilizes a non-thermal
plasma discharge to activate the monomer molecules resulting in the
deposition of a solid thiol-rich organic layer on a substrate which can be
referred to as a plasma polymer film (PPF). In terms of surface

engineering, this method offers significant advantages: it is an en-
vironmentally friendly, single-step and versatile technique requiring
only low reaction times. Furthermore, the deposited layer typically
exhibits attractive physico-chemical properties: a good adhesion on
most substrates, low solubility in multiple solvents and a high thermal
stability. Regarding the formation of thiol-based plasma polymers,
Thiry et al. have already examined the influence of process parameters
on the physico-chemical properties of thiol-rich PPFs by investigating
low-pressure plasma polymerization of 1-propanethiol through the
combination of plasma diagnostics methods and PPF analysis [42–45].
From this study, a set of plasma conditions was determined that allowed
for the synthesis of 1-propanethiol based PPFs stable in aqueous en-
vironments with well-defined chemical compositions on a solid surface
[44,46]. In present work, this optimized 1-propanethiol-based coating
was deposited, for the first time, on the surface of PCL nanofibers in an
effort to generate thiol-rich PCL nanofibers. The plasma-induced
changes in surface morphology, topography, wettability and chemical
composition of the nanofibers are profoundly investigated. Additional
to PPF surface analysis, the surface biological responses of the PCL
nanofibers before and after plasma modification are also examined,
enabling a correlation between the thiol-rich PPF surface properties and
their biological performance.

2. Methods and materials

2.1. PCL nanofiber fabrication

The electrospinning process used to prepare PCL nanofibers has
already been optimized and was explained in detail in previous work
[13,47]. Briefly, electrospinning was performed on a customized Na-
nospinner 24 electrospinning machine (Inovenso) at room temperature.
First, PCL granules (average molecular weight: 40.000–60.000 g·mol−1;
Sigma-Aldrich) were dissolved in a mixture of formic acid and acetic
acid (9:1 v/v) (both from Sigma-Aldrich) to create a 14% w/v PCL
solution. Afterwards, this solution was added to a standard syringe,
placed in a syringe pump, enabling a PCL solution flow at a rate of
0.7 ml·h−1 through a tube ending in a metal nozzle. This nozzle was
connected to a HV source supplying an applied voltage of 35 kV, while a
grounded cylindrical drum placed 15 cm above the nozzle was used as
collector. Electrospun PCL fibers were collected on round glass cover-
slips (Ø= 12mm) attached to the drum, which was rotating during
electrospinning with an angular velocity of 300 rpm.

2.2. Plasma polymerization

In this work, plasma polymerization utilizing 1-propanethiol as
precursor (Sigma-Aldrich, 99% purity) was used for PCL nanofiber
surface modification. The depositions were carried out in a metallic
vacuum chamber pumped by a combination of turbomolecular and
primary pumps allowing to reach a residual pressure below
4×10−6 Torr. More details about the experimental configuration can
be found elsewhere [42]. During the experiments, the working pressure
was fixed at 40× 10−3 Torr and controlled by a throttle valve con-
nected to a capacitive gauge. The plasma was generated using a one-
turn inductive water-cooled copper coil (10 cm in diameter) located
inside the chamber at a distance of 10 cm in front of the substrate. The
coil was connected to an Advanced Energy RF (13.56MHz) power
supply via a matching network. The precursor flow rate and the power
were fixed to 10 standard cubic centimetre per minute (sccm) and
100W respectively. The choice for these experimental parameters was
based on previous work [44]: these conditions were found to result in a
high stability of the corresponding PPFs in aqueous medium which is
essential for the biological tests to be performed in this study [44,48].
As such, in the current work, only the influence of plasma deposition
time (from 5 to 60 s) is under investigation.
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2.3. Surface characterization of the PCL nanofibers

Scanning electron microscopy (SEM) (JSM-6010 PLUS/LV; JEOL)
images were used to examine the morphology of the nanofibers before
and after plasma polymerization and were obtained with an accel-
erating voltage of 7 kV at a working distance of 10mm. The samples
were first coated with a thin layer of gold making use of a sputter coater
(JFC-1300 auto fine coater, JEOL) to avoid charge accumulation. The
acquired images were also analysed using ImageJ software to determine
the diameter distribution of the PCL nanofibers.

The wettability properties of the nanofibers were determined by
water contact angle (WCA) measurements using the sessile drop
method on a commercial Krüss DSA25 contact angle goniometer. A 2 μl
droplet of distilled water was placed on the surface of the nanofibers at
room temperature and WCA values were obtained by applying Laplace-
Young curve fittings to the imaged water drop profiles. For each
treatment condition, 3 different samples were tested on 2 randomly
selected positions and a mean contact angle value was determined by
averaging all measured WCA values (6 in total).

X-ray photoelectron spectroscopy (XPS) was performed on a PHI
Versaprobe II spectrometer. This apparatus was equipped with a
monochromatic Al Kα X-ray source (hν=1486.6 eV) and was operated
at 25.8W resulting in a beam diameter of 50 μm. During the mea-
surements, the pressure in the XPS chamber was at least 10−6 Pa and
the photoelectrons were detected with a hemispherical analyser posi-
tioned at an angle of 45° with respect to the normal of the sample
surface. Survey scans and individual high-resolution spectra (C1s, O1s
and S2p) were recorded with a pass energy of 187.85 eV (0.8 eV step)
and 23.5 eV (0.1 eV step) respectively on 5 different locations randomly
selected on each PCL sample. Elements present on the surfaces were
identified from XPS survey scans and quantified with Multipak (Version
9.6) software using a Shirley background and applying the relative
sensitivity factors supplied by the manufacturer of the instrument.
CasaXPS software was used to curve fit the high resolution C1s peaks
after calibration of the energy scale using the hydrocarbon component
of the C1s spectrum (285.0 eV). The C1s peaks were deconvoluted using
Gaussian–Lorentzian peak shapes and the full-width at half maximum
(FWHM) of each line shape was constrained below 1.5 eV.

Unfortunately, due to restrictions in XPS resolution, even in high
resolution XPS spectra specific sulphur-based chemical functional
groups cannot be distinguished as individual peaks (e.g., CeSH,
CeSeC, C]S, CeSeS) and can thus not be quantified. To overcome
this problem, the combination of XPS with chemical derivatization can
be employed and has already been widely applied for the quantification
of different functional groups [49–50]. Some time ago, Thiry et al. have
also used for the first time N-ethylmaleimide as labelling molecule for
the quantitative determination of eSH functionalities in thiol-rich PPFs
synthesized using propanethiol as chemical precursor [46]. This opti-
mized method was also employed in this work: derivatization reactions
were carried out in a solution of N-ethylmaleimide (99%, Sigma-Al-
drich) in phosphate buffer at a concentration of 10−1 M for a duration
of 86 h. Afterwards, the samples were rinsed in the buffer solution for
5min to eliminate unreacted molecules and were subsequently dried
under a nitrogen flow before starting XPS analysis. The percentage of
carbon atoms bearing an -SH group ([SH]) was calculated according to
the following equation:

=

−

×[SH](%) [N]
[C] 6[N]

100
(1)

To determine the roughness of the electrospun PCL nanofibrous
samples as well as the roughness of individual PCL nanofibers before
and after plasma polymerization, atomic force microscopy (AFM) was
utilized. AFM images were obtained with an XE-70 AFM device (Park
Scientific Instruments) in non-contact mode using highly doped crystal
silicon cantilevers with a spring constant of approximately 40 Nm−1. To
acquire comprehensive data from the surface of a single nanofiber,

three scanning steps, with the aim to achieve a higher resolution, were
followed: first, the nanofibrous mesh was scanned over the largest
possible area, after which the area of interest was narrowed down to
only one single nanofiber, followed by scanning the surface of the se-
lected nanofiber.

2.4. In vitro cell-material studies

Cell adhesion and proliferation tests were also performed in this
work using bone marrow stem cells (BMSTs) as the final objective of
this study was to investigate the effects of the performed plasma
polymerization step on the cellular response of PCL nanofibers. Before
cell seeding, the untreated and plasma-polymerized nanofibrous scaf-
folds were sterilized by exposure to UV light for 30min, which was
found to be an ideal sterilization method for PCL nanofibers [51–52].
After the sterilization step, the samples were first pre-wetted: they were
placed in the wells of a 24-well tissue culture dish (Greiner bio-one) and
0.5 ml culture medium per well was added. After overnight incubation,
the culture medium was removed and BMSTs were seeded onto the
samples at a density of 6×104 cells·ml−1 of medium per sample. The
used culture medium was DMEM/F-12 (Dulbecco's Modified Eagle
Medium/Nutrient Mixture F-12) supplemented with 10% foetal calf
serum, 10 μg·ml−1 penicillin and 10mg·ml−1 streptomycin (all from
Gibco Invitrogen). The cell-seeded samples were maintained in a hu-
midified incubator at 37 °C containing 5% CO2 for 1 and 7 days and
cells were also seeded on tissue culture polystyrene (TCPS) to act as
positive control.

To qualitatively evaluate cell viability, a live/dead cell staining was
performed 1 day and 7 days post-seeding. Prior to the staining, the su-
pernatant was removed and the samples were rinsed twice with phos-
phate buffered saline (PBS). Afterwards, the staining was performed by
adding 2 μl (1mg·ml−1) of calcein-acetylmethoxyester (Anaspec) sup-
plemented with 2 μl (1mg·ml−1) propidium iodide (Sigma-Aldrich) to
the cell-seeded samples. Subsequently, the samples were incubated for
10min at room temperature in the dark, after which they were visua-
lized with a fluorescence microscope (Olympus IX 81) making use of
appropriate filters. To obtain more quantitative information, a colori-
metric MTT assay, using the yellow tetrazolium dye 3-(4, 5-di-
methyldiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT, Merck
Promega) was also performed in this work to quantify cell viability by
colorimetrically measuring the amount of metabolically active BMSTs.
In viable cells, the tetrazolium component is reduced by mitochondrial
dehydrogenase enzymes into blue-purple water-insoluble formazan,
which can be solubilized by adding a lysis buffer and subsequently
measured making use of spectrophotometry [53–54]. Cell viability was
quantified 1 and 7 days after cell seeding by replacing the culture
medium with 0.5 ml (0.5 mg·ml−1) MTT reagent. Subsequently, the
samples were incubated at 37 °C in a humidified atmosphere containing
5% CO2 for 4 h, after which the samples were removed from the MTT
reagent and placed in a lysis buffer (1:1 isopropanol/ethanol) to solu-
bilize the water-insoluble formazan. Afterwards, 200 μl of the formazan
solution was transferred to a 96-well plate and the absorbance of the
coloured solution at 580 nm was measured using a spectrophotometer
(Universal microplate reader EL 800, BioTek Instruments). Background
absorbance at 750 nm was subtracted from the measured signals and
the obtained optical density of the coloured solution was reported as a
percentage compared to the TCPS positive control. At day 1 and day 7,
the positive control sample of day 1 and day 7 respectively was used. In
addition, optical density values were obtained on 3 different samples
and will therefore be expressed as mean value± standard deviation.
The obtained data were also used to assess if the differences between
samples were significant using one-way ANOVA and multiple compar-
ison tests.

Finally, the morphology of the cells adhering and proliferating on
the samples was also visualized by obtaining SEM images of the cell-
loaded samples 1 and 7 days after cell seeding. To do so, the
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supernatants were first removed from the samples after which the na-
nofibers were rinsed 3 times with PBS. Afterwards, the cells on the
samples were fixed by submerging the samples in a 2.5% glutar-
aldehyde (Sigma-Aldrich) solution in cacodylate buffer (Sigma-Aldrich)
for 1 h at room temperature. Subsequently, the cells were dehydrated
by immersing the nanofibers in solutions of ethanol in sterilized water
of increasing ethanol concentration (30, 50, 75, 85, 95 and 100%) for
10min per immersion step. After dehydration, the samples were
transferred to a 100% hexamethyldisilazane (HMDS) (Acros organics)
solution where they were stored for 10min. The HMDS solution was
subsequently replaced by a fresh HMDS solution, which was left to
evaporate under the fume hood. The nanofibrous samples covered with
dehydrated, fixed cells were subsequently gold-coated and viewed with
SEM at an accelerating voltage and working distance of 7 kV and 10mm
respectively.

3. Results and discussion

3.1. Surface morphology (SEM)

The morphology of electrospun nanofibrous samples is a crucial
parameter to examine as it can substantially influence the morphology
and growth of seeded cells [4,55–56]. Thus, as a first step, the mor-
phology of PCL nanofibers before and after conducting the plasma
polymerization process using different treatment times was examined
using SEM. Fig. 1 shows the obtained SEM images for pristine PCL
nanofibers (a) and after a plasma polymerization time of 5, 10, 30 and
60 s (b), (c), (d) and (e) respectively. Fig. 1(a) revealed that the un-
treated PCL sample consisted of randomly oriented smooth PCL nano-
fibers without the presence of beads resulting in a strongly inter-
connected, porous nanofibrous mesh. The average fiber diameter was
found to be 144.2 ± 3.4 nm, which is significantly smaller than fiber
diameters obtained from chloroform-containing PCL solutions, which
typically range from 600 nm to several μm [57–58]. The PCL nanofibers
obtained in this work thus truly have nano-dimensions and may thus
possess unique advantages in tissue engineering applications [59].

After performing the plasma polymerization step with an exposure
time of 5 s, the morphology of the nanofibrous sample (Fig. 1(b)) was
quite similar to the morphology of the pristine sample. Nevertheless,
the PCL fiber diameter was found to be slightly thicker than for the
untreated sample (173.8 ± 4.9 nm) suggesting the deposition of a
15 nm thick coating on the PCL nanofibers. By performing a very short
plasma polymerization step, it was thus possible to maintain the bio-
mimicking nano-dimensions of the PCL sample. In contrast, significant
changes in the nanofibers' morphology were observed upon further
increasing the plasma polymerization duration. Starting from 10 s of
plasma treatment, the coating assembled on specific areas of the sample
resulting in the deposition of non-uniform coatings as can be observed
in Fig. 1(c), (d) and (e). Moreover, the original nanofibrous morphology
of the samples also gradually disappeared with increasing treatment
time as a result of the increased thickness of the polymer coating. In
addition, plasma exposure times above 60 s (images not shown here)
even resulted in nanofibrous samples completely covered by a solid PPF
on top. As the nano-morphology of the samples plays an important role
in tissue engineering applications, a fixed plasma polymerization
duration of 5 s was chosen for all following experiments.

3.2. Surface wettability (WCA analysis)

To evaluate the wettability of the nanofibers, WCA measurements
were performed before and after the 5 s plasma polymerization step. As
shown in Table 1, the contact angle of the untreated PCL nanofibers is
140° which reveals the highly hydrophobic characteristics of the pris-
tine PCL sample. This result is in good agreement with WCA values of
PCL nanofibers reported before in literature [60–62]. Upon plasma
treatment, only a very small decrease in WCA value (137°) was found

for the coated PCL nanofibers. This slight decrease in WCA suggests an
alternation of the surface chemical properties but could also be attrib-
uted to a change in surface roughness after plasma treatment. Indeed, it
was already observed that electrospun fibrous mats with different sur-
face morphologies showed different surface roughness values, which in
turn resulted in varying volumes of air that is trapped between the
interfaces of fibers and water and thus varying WCA values. For ex-
ample, the surface roughness of electrospun mats was found to increase
with decreasing fiber diameters and increasing pore sizes, leading to
higher air entrapment in the surface pores and thus larger WCA values
[63–64]. To elucidate the effect of surface roughness on the obtained
WCA values, additional experiments were conducted and will be de-
scribed in the following section.

3.3. Surface topography (AFM)

To exactly determine the influence of the plasma polymer layer on
the surface topography of the electrospun PCL mats, AFM measure-
ments were conducted, and the results are shown in Fig. 2. Based on the
previously depicted SEM image (Fig. 1(b)), it was concluded that due to
the plasma polymerization step a thin coating of approximately 15 nm
was deposited on individual PCL nanofibers resulting in an electrospun
PCL mesh with slightly smaller pore sizes. To obtain more quantitative
information on the surface roughness of the electrospun samples, AFM
images of a part of the electrospun meshes (45×45 μm2) were also
taken (Fig. 2) from which the average and root mean square (RMS)
roughness could be determined (Table 2). The obtained results revealed
that there was no significant change in the roughness of electrospun
PCL mats before and after the plasma polymerization process which is
in accordance with the earlier shown SEM images. However, these
obtained AFM results do not provide any information on the roughness
of a single nanofiber as a large scale area was scanned resulting in an
image with lower resolution [65]. Therefore, high resolution AFM
images of a single nanofiber were also taken on the untreated and
plasma-polymerized samples as nano-scale surface roughness plays an
important role in cell-material interactions [66]. Representative AFM
images are shown in Fig. 2, while Table 2 provides the average
roughness values of different examined samples. Table 2 showed that
after plasma polymerization the roughness of the individual PCL fibers
increased from 4.6 nm for pristine PCL nanofibers to 8.2 nm for the
coated samples (5 s plasma treatment). This increase in fiber surface
roughness can be linked to plasma-induced etching effects in combi-
nation with film deposition onto the nanofiber surfaces. In fact, the
deposition of a plasma-polymerized film relies on a dynamic equili-
brium between a process of deposition and a process of chemical ion-
assisted etching by incoming active species from the plasma. Electrons,
ions, and radicals which are generated in the plasma, bombard the
sample surface simultaneously causing etching as well as film deposi-
tion resulting into changed surface roughness values [67–69].

As mentioned before, the obtained changes in WCA results for un-
treated and plasma-polymerized PCL nanofibers could be associated
with surface topography. Considering the dimensions of the water
droplet used for WCA measurements, mainly the roughness of the
electrospun mat instead of the roughness of individual nanofibers need
to be taken into account. As this roughness remained unaffected by the
plasma polymerization step, it can thus be concluded that the observed
minor change in wettability was not due to changes in surface rough-
ness. As such, the different WCA value can thus be fully linked to a
different surface chemical composition, which will be further examined
in the following section.

3.4. Surface chemical composition (XPS)

In this section, XPS analysis was applied to identify and quantify the
surface chemical composition and the surface chemical groups present
on the PCL nanofibers before and after plasma polymerization. The
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results of the elemental surface composition obtained from XPS survey
scans are shown in Table 3 revealing that the oxygen concentration for
untreated PCL nanofibers is approximately 22% which is slightly lower
than the theoretically expected oxygen value for PCL (25%). This dif-
ference in oxygen content might be explained by small changes induced
during the PCL solution preparation and electrospinning process or
more likely due to some polymer contamination. Table 3 also shows
that the percentage of detected oxygen on the plasma-modified surfaces
was decreasing with polymerization time reaching a minimum value of
15.6% after 60 s plasma treatment. At the same time, the percentage of
carbon decreased, while also sulphur was found to be present on the
plasma-polymerized samples indicating the successful deposition of a
sulphur-containing coating. Table 3 also revealed that the incorporation
of sulphur increased within increasing plasma polymerization duration.
These differences as a function of treatment time were rather un-
expected as surface chemical composition typically remained constant
as a function of exposure time when plasma operational parameters
were not varied [70]. As such, it could be anticipated that these changes
were mainly due to variations in film thickness, which is known to
increase with increasing plasma polymerization time [71]. After 5 s, the
coating deposited on the nanofibers was so thin that the oxygen peak
from the polymer substrate could still be detected in the XPS survey
spectra. With increasing plasma exposure time, the coating became
thicker and thicker gradually reducing the influence of the PCL sub-
strate thereby resulting in lower oxygen amounts and higher sulphur
contents. Moreover, also the inhomogeneous deposition of the coatings
at higher exposure times (see Fig. 1) could be responsible for the re-
maining oxygen peak as some parts of the nanofibers were maybe not

nicely covered by the coating. Apart from the above-mentioned reasons,
post-oxidation reactions might also be accountable for the oxygen
content on the polymerized surfaces. In previous work, the obtained
XPS results demonstrated a different surface coating composition [44]:
oxygen was not detected in the plasma coating and a higher S/C ratio of
approximately 0.40 was found. The different results in this work can be
explained by [1] the different substrate (silicon wafer versus PCL na-
nofibers) and [2] the method of sample preparation. In this work, after
the plasma polymerization process, PCL nanofibers were removed from
the plasma chamber and were thus exposed to ambient air prior to XPS
analysis while in previous work a direct transfer from the plasma to the
XPS chamber was performed. As such, post-oxidation reactions can thus
occur on the coatings prepared in this work. Moreover, the deposition
rate on the flat silicon wafer was previously observed to be slightly less
than 25 nm/min suggesting a coating thickness of only 2 nm after a
deposition time of 5 s and a coating thickness of 25 nm after 60 s of
plasma treatment. However, as the substrates were not flat in this study,
but consisted of a 3D structure, it can be anticipated that the final
coating thickness on the nanofibers was even smaller considering their
significantly higher surface area. From SEM images, however, a higher
coating thickness of 15 nm was found after 5 s of plasma polymeriza-
tion, however, the error on this value can be rather large, taking into
account the resolution of the SEM device.

The above-mentioned elemental composition unambiguously in-
dicated the incorporation of sulphur on the PCL nanofibers, but, un-
fortunately did not provide any information about the retention of the

Table 1
WCA values and mean fiber diameter for untreated and coated PCL nanofibers.

Sample WCA (°) Diameter (nm)

Untreated PCL nanofibers 140.0 ± 1.1 144.2 ± 3.4
Plasma-polymerized PCL nanofibers (5 s) 137.7 ± 0.8 173.8 ± 4.9

Fig. 2. 3D AFM images of PCL electrospun mats (a), a few nanofibers (b) and the surface of a single nanofiber (c) of untreated and plasma-polymerized samples (5 s
exposure time).

Table 2
Surface roughness of untreated and plasma-polymerized electrospun PCL na-
nofibers. Ra and Rq represent the average and RMS roughness respectively.

Sample Rq (nm) Ra (nm)

Untreated electrospun PCL mats 0.6 ± 0.1 0.4 ± 0.1
Plasma-polymerized electrospun PCL mats (5 s) 0.5 ± 0.1 0.4 ± 0.1
Untreated individual PCL nanofibers 4.6 ± 0.2 3.7 ± 0.1
Individual plasma-polymerized PCL nanofibers (5 s) 8.2 ± 1.4 6.4 ± 1.1
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targeted functional group, namely the eSH group. To gather this in-
formation, a chemical derivatization step was employed as previously
described and the elemental composition of the derivatized samples can
be seen in Table 3, together with the calculated percentage of carbon
atoms bearing an -SH group ([SH]). After the derivatization procedure,
nitrogen, present in the labelling molecule, was clearly identified in the
XPS survey spectra as evidenced by the nitrogen amounts presented in
Table 3. The results on the derivatized samples additionally demon-
strated that with increasing plasma polymerization time, the amount of
carbon atoms bearing a thiol group on the PCL nanofibers surface in-
creased from 1.8% to 6.7%, concentrations that are similar to what has
been observed for wet-chemical thiolation [38–39]. The increasing
amount of surface thiol groups can again be explained by the increasing
thickness of the plasma-polymerized coating: at short treatment times,
relative less thiol groups were present at the surface due to the sig-
nificantly large contribution from the PCL substrate.

Additional information regarding the surface functional groups can
be obtained by curve fitting the high resolution C1s peaks of the un-
treated and plasma-polymerized samples. The fitted high resolution C1s
peaks are shown in Fig. 3, while Table 4 presents the quantitative re-
sults obtained from these spectra. According to literature four different
peaks could be used for the curve fitting of PCL nanofibers bearing thiol
groups: a peak at 285.0 eV corresponding to hydrocarbon and carbon-
carbon bonds (C*eC/C*eH), a peak at 285.5 eV corresponding to a
secondary carbon bonded to an ester group (C*eCOO) and/or a carbon

bonded to sulphur (C*eS), a peak at 286.5 eV corresponding to a
carbon single bonded to oxygen (C*eO) and a peak at 289.1 eV cor-
responding to a carboxyl or ester group (OeC*]O). In this work,
however, only three peaks were used for the curve fitting as the limited
resolution of the XPS machine made it impossible to make a correct
distinction between the peaks located at 285.0 and 285.5 eV. In case of
untreated PCL nanofibers, the present chemical bonds were thus CeC/
CeH (at 285.0 eV), CeO (at 286.4 eV) and OeC]O (at 289.0 eV),
while in case of the plasma-treated samples the peak at 285.0 eV could
be attributed to both CeC/CeH as well as CeS bonds. Both Fig. 3 and
Table 4 confirmed the incorporation of new sulphur functionalities on
the PCL nanofiber surfaces since the peak area and thus also the relative
concentration of the CeC/CeH/CeS peak at 285.0 eV increased for the
plasma-polymerized samples. Simultaneously, the relative concentra-
tion of the peaks at 286.4 and 289.0 eV attributed to CeO and OeC]O
groups decreased after the plasma polymerization step, which agrees
with the decrease in total oxygen content as shown in Table 3. The
decrease in these functional groups, which are only present on the PCL
nanofibrous substrates, can be explained by the gradual covering of the
substrate with the sulphur-rich coating. Indeed, when the plasma ex-
posure time was increased to 60 s, the relative concentration of these
oxygen groups was found to further decrease, while the peak at
285.0 eV increased because of the increasing amount of CeS functional
groups.

3.5. Cell-material interactions and cell morphology

After examining the surface physical and chemical characteristics of
the untreated and plasma-modified nanofibrous meshes in the previous
sections, the impact of the performed plasma polymerization step on
the cellular interactions of the PCL meshes were examined in detail in
the final part of this work. According to Liu et al., only a small amount
of thiol surface groups can improve the biocompatibility of a material
and even control adipose stem cell differentiation [31]. Considering this
conclusion as well as earlier demonstrated results regarding surface
morphology, the 5 s treatment time was chosen to be the optimum
condition for these biological tests.

In this section particularly, the morphology of the BMSTs cultured
on both untreated and plasma-coated PCL nanofibers was examined by
SEM and fluorescence microscopy 1 and 7 days after cell seeding and
the results are presented in Fig. 4. On the untreated PCL nanofibers, a

Table 3
Chemical composition of untreated and plasma-modified PCL nanofibers before and after chemical derivatization.

Before derivatization After derivatization

C1s
(%)

O1s
(%)

S2p
(%)

C1s
(%)

N1s
(%)

O1s
(%)

S2p
(%)

[SH]
(%)

Untreated 78.2 ± 0.6 21.8 ± 0.6 – 75.7 ± 0.5 – 24.3 ± 0.5 – –
PPF-5 s 73.0 ± 0.7 20.5 ± 0.2 6.5 ± 0.5 72.2 ± 0.1 1.2 ± 0.4 21.1 ± 0.2 5.5 ± 0.4 1.8 ± 0.5
PPF-10 s 70.4 ± 0.0 20.9 ± 0.2 8.7 ± 0.3 69.7 ± 0.9 1.3 ± 0.4 22.5 ± 0.8 6.6 ± 1.3 2.1 ± 0.7
PPF-30 s 71.5 ± 0.4 17.7 ± 0.7 10.8 ± 0.5 72.0 ± 0.3 1.5 ± 0.5 18.0 ± 0.5 8.5 ± 0.4 2.4 ± 0.8
PPF-60 s 70.7 ± 0.1 15.6 ± 0.2 13.7 ± 0.2 67.2 ± 0.9 3.2 ± 0.6 17.9 ± 0.1 11.7 ± 0.8 6.7 ± 0.7

Fig. 3. Deconvolution of the high resolution C1s peaks of (a) untreated PCL
nanofibers, plasma-polymerized PCL nanofibers (b) 5 s and (c) 60 s.

Table 4
Relative concentrations of the chemical bonds present on PCL nanofibers as
obtained from high resolution C1s deconvolution.

C1s

CeC/CeH/CeS
(%)
285.0 eV

CeO
(%)
286.4 eV

OeC]O
(%)
289.0 eV

Untreated 64.7 ± 0.2 22.1 ± 0.4 13.2 ± 0.5
PPF-PCL-5 s 69.0 ± 0.3 20.0 ± 0.3 11.0 ± 0.4
PPF-PCL-60 s 76.9 ± 0.8 16.0 ± 0.4 7.1 ± 0.5
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considerable amount of BMSTs adhered, however, the adherence of
these cells was highly inhomogeneous showing regions with a high
number of adhered cells as well as regions with no cells (Fig. 4(a), (b)
and (c)). Moreover, some red spots due to dead cells were also observed
indicating limited cell attachment to the surface of the untreated na-
nofibers. In contrast, the thiol-coated PCL nanofibers showed numerous
attached cells which were almost homogeneously spread over the sur-
face, similar to the appearance of cells growing on TCPS (Fig. 4(d), (e),
and (f)). On the plasma-modified nanofibrous meshes, the viable cells
were homogeneously flattened and elongated with a significantly
higher cell density compared to the untreated sample demonstrating an

excellent initial cell adhesion.
Fluorescent and SEM imaging were also performed 7 days after

culturing to investigate cell proliferation (Fig. 4(g)–(l)). Fig. 4 showed
the presence of a small number of red spots (dead cells) on the un-
treated sample (Fig. 4(g) and (h)), which were not seen on the plasma-
polymerized sample giving a first indication of the lower cell-surface
affinity of the untreated sample. Moreover, 7 days after cell seeding, the
plasma polymer coated samples were fully covered with cells, whereas
some cell-free spots on the surface of the untreated samples were still
present. SEM images (Fig. 4(i) and (l)) also showed an almost similar
cell morphology on both samples under study: all cells were elongated

Fig. 4. Fluorescent micrographs after live/dead staining and SEM images of BMSTs seeded on untreated and plasma-polymerized PCL nanofibers 1 day and 7 days
after cell seeding.
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and well spread after 7 days. This alike behaviour can be explained by
the favourable 3D structure of both samples providing multiple an-
choring points for cells.

As the images shown above only provide qualitative information on
cellular response, an MTT assay was also performed to quantify cell
viability and the obtained results, relative to TCPS, are shown in Fig. 5.
1 day after cell seeding (Fig. 5, left graph), cell viability was found to be
higher on the plasma-polymerized sample, showing a similar cell via-
bility as obtained on TCPS. These results are thus in good agreement
with the previously shown fluorescence images. Cell viability results
also revealed the already good cell adhesion (80% compared to TCPS)
on pristine PCL nanofibers, which is in agreement with studies pub-
lished before and which can be attributed to the 3D nanofibrous
structure [14,72–73]. Cell viability was also determined 7 days after
cell seeding of which the results are presented in Fig. 5 (left graph). The
percentage of viable BMSTs proliferating on thiol-coated PCL nanofi-
bers was significantly higher compared to the untreated sample,
showing the positive influence of the thiol-containing coating on cell
proliferation.

The enhanced cellular adhesion and proliferation can be attributed
to the plasma polymerization process, which affects both the surface
chemistry of the PCL nanofibers as well as the topography of the in-
dividual PCL nanofibers. The slightly increased roughness of nanofibers
after plasma polymerization can positively affect cell growth as surface
nano-roughness is known to improve cell adhesion as well as cell pro-
liferation [74–75]. More importantly, the improved adhesion and pro-
liferation can also be linked to the incorporation of thiol groups on the
PCL samples. Indeed, previous studies have already indicated that the
presence of thiol groups on glass substrates can significantly increase
laminin and fibronectin adsorption, which in turn was found to improve
fibroblast adhesion [76–77]. Based on these findings, the larger number
of adherent cells on thiol-rich surfaces in this study might thus be ex-
plained by a higher concentration of adsorbed specific cell binding
proteins (such as fibronectin and laminin) which are present in the
media culture. In case of pristine PCL nanofibers, the surface lacks
suitable bioactive sites for the adsorption of these proteins resulting in
less favourable conditions for cell adhesion and proliferation. It can
thus be concluded that the deposition of a very thin thiol-containing
coating is capable of enhancing cellular interaction on PCL nanofibers
without affecting the advantageous nanofibrous morphology of the
electrospun PCL samples.

4. Conclusion

In this work, the surface properties of electrospun PCL nanofibers
were modified using a low-pressure plasma polymerization process
from 1-propanethiol at different treatment times (ranging from 5 s to
60 s). According to SEM and AFM results, a 5 s plasma exposure did not

cause significant morphological and topographical changes to the PCL
nanofibrous samples as in this case only a very thin (order of nano-
metres) coating was deposited on the PCL nanofibers. However, the
topography of an individual PCL nanofiber was found to possess a
slightly increased surface roughness. In contrast, longer treatment times
induced noticeable changes that led to the loss of the advantageous
nanostructure of the untreated electrospun mat. As such, a plasma ex-
posure time of 5 s was use for further analysis. XPS results also proved
the incorporation of sulphur-containing functional groups on the PCL
polymer surface, while XPS chemical derivatization also evidenced the
incorporation between 1.8 and 6.7% of -SH groups on the plasma-
polymerized samples depending on the deposition time. The signal from
the oxygen-containing groups, present on the pristine PCL sample, de-
creased after plasma polymerization as the nanofibers were gradually
covered by a thin thiol-rich coating containing no oxygen. This ob-
servation again evidenced the low coating thickness at short plasma
exposure times. The induced surface chemical changes were also found
to positively affect cellular interactions as they caused an improvement
in BMST cell adhesion and proliferation because of the plasma poly-
merization process. As a concluding remark, it can be stated that thiol-
rich PCL nanofibers can be considered as potential candidates for a
variety of tissue engineering applications due to their strongly pro-
moted cell-surface interactions.
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