
 

 

 

Multifaceted polymeric nerve guidance conduits with
distinctive double-layered architecture and plasma-
induced inner chemistry gradient for the repair of
critical-sized defects
Citation for published version (APA):

Ghobeira, R., Wieringa, P., Van Vrekhem, S., Aliakbarshirazi, S., Narimisa, M., Onyshchenko, Y., De
Geyter, N., Moroni, L., & Morent, R. (2022). Multifaceted polymeric nerve guidance conduits with
distinctive double-layered architecture and plasma-induced inner chemistry gradient for the repair of
critical-sized defects. Biomaterials Advances, 143, Article 213183.
https://doi.org/10.1016/j.bioadv.2022.213183

Document status and date:
Published: 01/12/2022

DOI:
10.1016/j.bioadv.2022.213183

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 25 Apr. 2024

https://doi.org/10.1016/j.bioadv.2022.213183
https://doi.org/10.1016/j.bioadv.2022.213183
https://cris.maastrichtuniversity.nl/en/publications/c26f29ce-bc5c-4338-a549-58456783235a


143 (2022) 213183

Available online 4 November 2022
2772-9508/© 2022 Elsevier B.V. All rights reserved.

Multifaceted polymeric nerve guidance conduits with distinctive 
double-layered architecture and plasma-induced inner chemistry gradient 
for the repair of critical-sized defects 

Rouba Ghobeira a,*, Paul Wieringa b, Stijn Van Vrekhem a, Sheida Aliakbarshirazi a, 
Mehrnoush Narimisa a, Yuliia Onyshchenko a, Nathalie De Geyter a, Lorenzo Moroni b, 
Rino Morent a 

a Research Unit Plasma Technology (RUPT), Department of Applied Physics, Faculty of Engineering and Architecture, Ghent University, Sint-Pietersnieuwstraat 41 B4, 
9000 Ghent, Belgium 
b Department of Complex Tissue Regeneration, MERLN Institute for Technology-Inspired Regenerative Medicine, Maastricht University, Universiteitsingel 40, 6229ER, 
Maastricht, the Netherlands   

A R T I C L E  I N F O   

Keywords: 
Nerve guidance conduits 
Electrospinning 
Nanofibers 
Tissue engineering 
Polyactive® 
Plasma treatment 
Schwann cells 
Cell chemotaxis 

A B S T R A C T   

Despite tissue engineering advances, current nerve guidance conduits (NGCs) are still failing in repairing critical- 
sized defects. This study aims, therefore, at tackling large nerve gaps (2 cm) by designing NGCs possessing 
refined physicochemical properties enhancing the activity of Schwann cells (SCs) that support nerve regeneration 
over long distances. As such, a combinatorial strategy adopting novel plasma-induced surface chemistry and 
architectural heterogeneity was considered. A mechanically suitable copolymer (Polyactive®) was electrospun to 
produce nanofibrous NGCs mimicking the extracellular matrix. An innovative seamless double-layered archi
tecture consisting of an inner wall comprised of bundles of aligned fibers with intercalated random fibers and an 
outer wall fully composed of random fibers was conceived to synergistically provide cell guidance cues and 
sufficient nutrient inflow. NGCs were subjected to argon plasma treatments using a dielectric barrier discharge 
(DBD) and a plasma jet (PJ). Surface chemical changes were examined by advanced X-ray photoelectron spec
troscopy (XPS) micro-mappings. The DBD homogeneously increased the surface oxygen content from 17 % to 28 
% on the inner wall. The PJ created a gradient chemistry throughout the inner wall with an oxygen content 
gradually increasing from 21 % to 30 %. In vitro studies revealed enhanced primary SC adhesion, elongation and 
proliferation on plasma-treated NGCs. A cell gradient was observed on the PJ-treated NGCs thus underlining the 
favorable oxygen gradient in promoting cell chemotaxis. A gradual change from circular to highly elongated SC 
morphologies mimicking the bands of Büngner was visualized along the gradient. Overall, plasma-treated NGCs 
are promising candidates paving the way towards critical nerve gap repair.   

1. Introduction 

Despite all neurology advancements, severe peripheral nerve injuries 
remain a major clinical challenge [1]. In fact, nerve gap defects 
accompanied with tissue loss are precluded from the direct repair 
because of the unwanted tension that the nerve ends undergo during 
fascicular coaptation [2]. The interposition of a supportive structure 
spanning the injury site becomes therefore unavoidable in most tran
section defects. In the past 50 years, nerve autografts have been 
considered the gold standard to bridge peripheral nerve damages. This 

supremacy is however deprecated by several drawbacks, such as the use 
of sensory-only donor nerves, morphometric fascicular mismatching and 
possible scarring and neuroma formation, which confine the success rate 
to only 50 % [3–5]. As an alternative, tissue engineers have adopted the 
entubulation approach by firstly designing hollow nerve guidance con
duits (NGCs) typically consisting of a physical scaffolding made up of 
polymeric material [1]. Nonetheless, nerve regeneration inside such 
constructs has been very limited or even completely absent in gaps 
exceeding 1 cm [6,7]. Extra cell-supportive cues have also been imple
mented including: 1) structural cues (e.g. addition of intra-luminal 
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fillers, creation of a nanofibrous wall, fabrication of multi-channel 
NGCs…), 2) mechanical cues (e.g. use of different tailorable synthetic 
polymers as base material) and 3) molecular cues (e.g. administration of 
neurotrophic factors…). Despite triggering more promising outcomes, 
these advanced NGCs still fail in outperforming or even matching the 
morphometric and functional regeneration levels of the autograft 
especially in critical nerve gaps (≥1.5 cm) [4,8]. Therefore, the goal of 
this paper is to tackle large nerve gaps (2 cm) by adopting a combina
torial strategy merging the advantages of previous NGCs and imple
menting additional innovative levels of complexity involving interfaces, 
chemical gradients and architectural heterogeneity. As such, designing a 
novel NGC possessing ideal structural, mechanical and biochemical 
properties boosting the activity of Schwann cells (SCs), being the main 
glial cells governing the intrinsic regeneration of mature nerves over 
long distances, is aimed at [9]. In fact, SCs play a vital role in governing 
axonal regrowth via their: 1) migration from both ends of the injured 
nerve, proliferation and orientation into longitudinal bands known as 
bands of Büngner that act as a guiding path for regenerating axons; 2) 
secretion of neurotrophic factors and extracellular matrix (ECM) mole
cules such as collagen and laminin; 3) expression of nerve cell adhesion 
molecules and receptors which makes them a favored substrate for axon 
attachment and migration and 4) assistance in an advanced stage of the 
regenerative sequence in the remyelination of the regenerated axons 
[9,10]. However, when the nerve gap reaches a critical length, SC 
migration from both nerve ends and proliferation decline and SC 
numbers become insufficient to create a conductive environment [11]. 
Therefore, seeding SCs on NGCs pre-implantation started to be consid
ered as gold standard cellular-based approaches in nerve repair. In fact, 
Xie et al. have shown that polycaprolactone (PCL) NGCs pre-seeded with 
SCs enhanced nerve fiber sprouting and motor recovery post- 
implantation in a rat sciatic nerve gap (14 mm) compared to their SC- 
free counterparts [2]. Similarly, fibrin-SC NGCs exhibited an increased 
rate of axonal regeneration across a 10 mm nerve defect compared to 
acellular NGCs [12]. Nonetheless, in order to further enhance the 
regeneration-promoting ability of SCs in critical defects, proper struc
tural guidance support is needed [7,9,10]. 

One structural-based strategy that was previously adopted to direct 
nerve growth and promote SC migration over long distances took the 
form of NGCs with intra-luminal fillers. However, the addition of such 
fillers was shown to face challenging considerations such as the high 
“packing density” inhibiting the regeneration or the “void fraction” 
leading to the settlement of the fillers at the NGC bottom [8]. Multi- 
channel NGCs were also designed given their mimicry of the nerve 
micro-architecture but were associated with the risk of channels occlu
sion after polymer swelling thus blocking axon regrowth [13]. NGCs 
made up of nanofibers have shown moderate successes over the other 
investigated configurations given their mimicry of the neural ECM 
governing vital cellular functions [3]. Particularly, aligned nanofibers 
were proven to be good candidates in nerve tissue engineering as they 
provide cell guidance contact promoting directed neurite extension and 
SC elongation and migration [5,14,15]. Nonetheless, the parallel 
arrangement and high packing density of aligned fibers hamper the 
inter-fiber porosity thus cutting off the crucial nutrient supply to the 
NGC lumen [16]. Moreover, an NGC wall fully composed of aligned fi
bers is predisposed to tearing along the fiber direction after the frequent 
suture piercings of the surgical implantation [2]. In order to circumvent 
these challenges, double-layered NGCs with inner aligned and outer 
random fibers were conceived in few previous studies. However, the 
conduit fabrication was mostly done in a complicated multi-step process 
implicating a separate electrospinning of random and aligned fibrous 
membranes that are stacked on top of each other, rolled up to form a 
tube and secured using glue, solvents or heating [2,15,17]. In addition, 
this fabrication strategy gives a non-uniform NGC engendering me
chanical weaknesses and discontinuities associated with the presence of 
seams in the NGC wall. Moreover, the outer layer and the luminal layer 
that still lacks pores might disconnect and the risk of conduit opening in 

vivo becomes high [5,14]. 
Next to the importance of the topographical cues, a meticulous se

lection of a base material exhibiting mechanical properties closely 
matching those of the soft nerve tissue while resisting external stretching 
forces and retaining a steady shape during the regenerative sequence is 
crucial. The potential collapse of the NGCs in vivo can actually consti
tute a serious burden as it can compress the regenerating nerve or 
completely block its regeneration [18]. Based on the results of a recent 
study in which the copolymer poly(ethylene oxide terephthalate)-poly 
(butylene terephthalate) (PEOT-PBT) commercially known as Poly
active® (PA) was used for the first time to fabricate NGCs, this copol
ymer was chosen to be the base NGC material in this study. In addition to 
its biocompatibility and easy processability, the first advantage of PA 
over conventional polymers is the possibility to exclusively tailor the 
material properties by controlling its composition [4]. A selected ratio of 
55/45 PEOT/PBT was previously shown to generate electrospun NGCs 
having an ultimate tensile strength (2.6 MPa) closely matching the one 
of a rat sciatic nerve (2.7 MPa as was assessed by Borschel et al.) and a 
higher elasticity (Young's modulus: 10.5 MPa) than NGCs made of 
conventional synthetic and natural polymers like PCL and chitosan 
[19,20]. These mechanical properties were revealed to support nerve 
regeneration in vivo. Additionally, despite their relatively thin wall and 
the high degree of porosity, PA conduits did not collapse and remained 
intact four months after implantation [4]. 

A critical limitation of most synthetic and mechanically tailorable 
NGCs is their deprivation of immobilized proteins because of their hy
drophobic base material lacking polar functional groups. Both topo
graphical and biochemical cues are concurrently recognized by cells at 
the cell-scaffold interface and play an essential role in the initiation of 
cellular processes such as adhesion and proliferation [21,22]. However, 
given the narrow dimensions of the porous conduits, reaching and 
modifying the inner wall surface without altering the nanofibers delicate 
structure remain challenging tasks. As such, free neurotrophic factors 
have been added to NGCs for their known ability to promote axon 
growth but were shown to have no effect because of their leakage, 
inactivation, inadequate delivery method or even adverse effects due to 
unexpected activation of unwanted signaling pathways [3,23]. To solve 
this issue and essentially support SCs-NGC adhesion, this study focuses 
on the application of non-thermal plasmas as a route to bio-activate the 
NGC's surface. Plasma treatment is nowadays gaining a great interest 
over other surface modification techniques due to its solvent-free, 
simplicity, gas-based and highly controllable aspects enabling the 
incorporating of specific functional groups on the surface of complex 
porous scaffolds, hence NGCs. More importantly, plasma treatment is 
distinguished by its non-invasive character limited to a modification 
depth of few nanometers thus preserving the topography and bulk me
chanical properties of subtle nanofibrous scaffolds [21,24–26]. Despite 
the considerable improvements offered by plasma-functionalized scaf
folds in several tissue engineering applications, plasma treatment was 
never applied, to the best of our knowledge, to electropsun NGCs. Very 
few researchers have fabricated NGCs by again rolling up polymeric 
micropatterned films pre-subjected to a plasma treatment and coated 
these with biomolecules such as laminin [27–30]. Nevertheless, no 
surface chemical characterization was performed post-plasma treatment 
thus hampering biomolecule immobilization as a result of non- 
optimized process conditions. Moreover, next to the high cost of bio
molecules, their immobilization might lead to a reduced biological ac
tivity caused by some conformational changes. In fact, the incorporation 
of oxygen-containing functionalities on nanofiber meshes was proven to 
enhance cellular activities via a controlled and spontaneous adsorption 
of proteins post-immersion in the cell media [31]. For instance, Prab
hakaran et al. observed an improved SC adhesion on air plasma-treated 
PCL fibers compared to untreated fibers but also to PCL/collagen fibers, 
thus underlining the absolute importance of plasma-induced oxygen 
functionalities [32]. 

In the body, the directional regeneration of axons over long distances 
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is mediated by growth cone chemotaxis following spatial gradients of 
neuro-stimulatory molecules [33]. Few authors have successively filled 
the NGCs with hydrogels containing different concentrations of nerve 
growth factor loaded into nanoparticles or microtubules thus conceiving 
a biomolecular gradient [8,34,35]. In addition to the complexity of this 
approach, the hydrogels isotropic nature lacks topographical cues and 
thus the necessary microstructure aligning the cells. Wet chemistry ap
proaches were also used to immobilize growth factors in a gradient way 
on NGCs by a differential exposure to solutions with varying concen
trations and/or reaction times along NGCs [5,8,33]. Nonetheless, such 
treatments can damage the fine nanofibrous structure of electrospun 
NGCs, alter their mechanical performance and increase their 

degradation rate. Moreover, the focus of such studies was solely directed 
towards the extension and elongation of axons. However, the extent of 
directional migration of SCs into the defect gap, which was overlooked 
in the design of NGCs, is the underlying key dictating the axonal 
regeneration in vivo 36. After migration, SCs proliferate and align to 
form the so-called bands of Büngner structure supporting and guiding 
nerve regeneration [9,37]. Recently, few authors have studied SC 
migration on micro-gradient surfaces engineered by immobilizing 
polymer brushes and/or peptides on glass substrates using complex wet 
chemical treatments prone to damage nanofibers [36,38]. 

In view of these challenges, the present study proposes a simple one- 
step electrospinning of novel bi-layered PA NGCs with an inner wall 

Fig. 1. Schematic illustrations of the steps followed to electropun, plasma-treat and perform XPS measurements on NGCs.  
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composed of bundles of aligned fibers intercalated between random fi
bers and an outer wall completely composed of random fibers. There
after, a dielectric barrier discharge (DBD) and a simple plasma jet (PJ) 
are used to functionalize the NGC inner wall in homogeneous and 
gradient ways along its length respectively. To the best of our knowl
edge, no study has reported so far the formation of a surface chemistry 
gradient inside NGCs without the use of any growth factor. This 
approach is believed to induce the directional path-finding ability of 
axons but also the chemotaxis of SCs towards the distal target. The 
surface chemistry is then characterized by means of advanced X-ray 
photoelectron spectroscopy (XPS) measurements including exclusive 
micro-mappings visualizing with very high precision (resolution of 10 
μm) the exact distribution of plasma-induced oxygen over the inner wall 
(Fig. 1). The morphology, surface roughness, swelling index, surface 
wettability and mechanical properties of the NGCs pre- and post-plasma 
treatments are then evaluated. A comparative in vitro study is then 
performed to assess the behavior of SCs seeded on untreated and plasma- 
treated NGCs with homogeneous and gradient surface chemistries. 
Finally, in order to predict the efficiency of the SC-seeded NGCs in 
boosting neurite extension from the proximal end and as such enhancing 
nerve regeneration in critical defects, a co-culture with neuron-like 
pheochromocytoma (PC12) cells is carried out. This cell type is pur
posely chosen giving its well-known capacity of neural differentiation 
and neurite extension in adequate environments, thus establishing an 
ideal model for a first proof-of-concept study. 

2. Materials and methods 

2.1. NGC base material 

PA was provided by PolyVation B.V. (Groningen, The Netherlands) 
in the form of 300PEOT55PBT45 that follows the annotation 
aPEOTbPBTc where a is the molecular weight (in g/mol) of the base 
polyethylene glycol (PEG) segments used during polymerization while b 
and c represent the weight ratio between PEOT and PBT respectively. 
Prior to electrospinning, the copolymer was dissolved overnight in the 
solvent system chloroform (CHCl3, Sigma-Aldrich-The Netherlands)/ 
1,1,1,3,3,3-hexafluoro-2-propanol (Bisolve, The Netherlands) at a ratio 
of 7:3 v/v to obtain a polymer concentration of 25 % (w/v). 

2.2. Electrospinning 

NGCs were biofabricated using a custom-made electrospinning 
apparatus maintaining the temperature at 25 ◦C and the relative hu
midity at 30 % for a sustained reproducibility. The device was designed 
in a way allowing the jet to be sprayed in a descending track towards a 
rotating tubular collector (diameter: 2 mm, length: 30 mm) connected to 
the ground. A distance of 13.5 cm was fixed between the collector and 
the spinneret being a blunt 20-gauge hypodermic needle made of 
stainless steel (diameter: 0.8 mm, Unimed, Switzerland). This needle 
was mounted on a charged metallic plate and programmed to translate 
in a back and forth motion along the collector axis (120 mm/min) for a 
homogeneous fiber deposition over the NGC length. A schematic rep
resentation of the device is illustrated in Fig. 1.1. During the electro
spinning process, the polymer solution, loaded in a syringe, was 
continually pushed by means of a KD scientific syringe pump at a con
stant flow rate of 1 ml/h to reach the spinneret. By applying a voltage of 
20 kV through a DC high voltage supply (Gamma High Voltage 
Research, USA), nanofibers could be collected on the tubular collector 
thus forming conduits. An even wall thickness was safeguarded by 
rotating the mandrel at a speed of 50 rpm. After electrospinning for 10 
min, the collector was detached and placed in 70 % ethanol for an easy 
removal of the NGCs that were then left to dry in ambient air. All NGCs 
were then made equal in length (2 cm) by cutting off 5 mm of each 
extremity. 

2.3. Plasma surface functionalization 

2.3.1. DBD treatment 
After electrospinning, PA NGCs were subjected to a medium pressure 

air or Ar plasma treatment by placing them horizontally in between the 
2 parallel plates of an in-house designed DBD reactor that was entirely 
described and electrically characterized in previous papers [26,39] 
(Fig. 1.2). In short, the reactor consisted of 2 major components: an AC 
power supply and a cylindrical plasma chamber encompassing 2 circular 
copper plates (diameter: 4 cm) covered each by a ceramic dielectric 
(Al2O3, thickness: 0.7 mm). The lower copper plate acting as a grounded 
electrode was coupled to earth through a 10.4 nF capacitor or a 50 Ω 
resistor while the upper plate corresponding to the high-voltage elec
trode was connected to the power source (frequency: 50 kHz). The gap 
between both electrodes was fixed at 4 mm and fed by a unidirectional 
horizontal gas flow regulated by means of an El-Flow system (Bronk
horst®, The Netherlands). A rotary vane pump was connected to the 
plasma chamber in order to evacuate it and subsequently infuse it with a 
reproducible atmosphere. 

In a pre-plasma preparative step, the discharge chamber containing 
the sample was pumped down to reach a pressure of at least 0.6 kPa. 
Thereafter, the reactor was pervaded with air or Ar (Alphagaz 1 - Air 
Liquide, Belgium) at a flow rate of 3 slm (standard liters per minute). 
The pressure was regulated and fixed at 90 kPa for 3 min to establish a 
homogeneously distributed gas composition throughout the chamber. 
The actual plasma treatment was then carried out at a gas flow rate of 1 
slm, a sub-atmospheric pressure of 5 kPa and a power of 1.5 W for both 
air and Ar discharges to enable an accurate comparison. Based on 
recorded current-voltage waveforms, it was revealed that the air and Ar 
discharges operated in filamentary and glow modes respectively. 

2.3.2. PJ treatment 
Next to the DBD treatments, a direct plasma penetration inside the 

NGCs was performed using an atmospheric pressure PJ operating in Ar. 
A detailed description, representation and electrical characterization of 
the set-up can be found in a previous work [40] (Fig. 1.2). In brief, it 
consisted of a quartz capillary containing a needle electrode and encir
cled on the outside by a ring-shaped electrode. The capillary had an 
outer and inner diameter of 3 mm and 1.3 mm respectively. The needle 
electrode that was connected to an AC high voltage source was made up 
of a tungsten wire having a diameter of 0.5 mm with a half sphere- 
shaped tip. The ring-shaped grounded electrode was 10 mm long, 
made of copper and located at a distance of 35 mm from the needle 
electrode. The distance between the copper ring center and the capillary 
edge was fixed at 20 mm. An Ar flow running inside the capillary was 
regulated by a Bronckhorst El-Flow controller at a rate of 1 slm. When 
applying a high voltage to the tungsten electrode, plasma appeared in 
the inter-electrode gap and outflew from the capillary to propagate in 
the surrounding air, formed the so-called effluent plasma and penetrated 
in the NGCs placed at a distance of 5 mm from the capillary edge. This 
plasma jet was produced at a fixed frequency of 60 kHz, a peak-to-peak 
amplitude of 7 kV and a discharge power of 3 W. 

2.4. Surface characterization 

2.4.1. XPS analysis 
In order to determine the surface chemical composition of the un

treated and plasma-treated NGCs, XPS measurements were carried out 
by means of a PHI 5000 Versaprobe II spectrometer. Since the main 
interest resided in the chemistry of the inner wall, the NGCs were 
longitudinally cut open (Fig. 1.3). The luminal surface was then excited, 
over a squared area of 500 × 500 μm2, with an X-ray beam size of 100 
μm originating form a monochromatic Al Kα X-ray source (hν = 1486.6 
eV) running at a power of 50 W. The resultant photoelectrons emitted 
from the NGC surface were detected by a hemispherical analyzer placed 
at an inclination of 45◦ with respect to the normal of the luminal surface. 
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All along the measuring process, the main specimen chamber was 
constantly maintained at a pressure of at least 10− 6 Pa. Survey scans and 
C1s high-resolution peaks were recorded on 4 different zones (0.5 cm 
each) of the NGCs with pass energies of 187.85 eV and 23.5 eV and step 
sizes of 0.1 eV and 0.8 eV respectively. The different zones were 
numbered based on the position of the conduits in the DBD and the PJ: 
zone 1 and zone 4 being respectively the farthest and the closest from the 
DBD gas inlet or the PJ capillary end (Fig. 1.4). The identification and 
quantification of the present surface elements were done by analyzing 
the survey scans through Multipak software (V 9.6) employing a Shirley 
background and complying with the relative sensitivity factors assigned 
by the device's manufacturer. The binding energy scale was calibrated 
with respect to the hydrocarbon peak of the C1s spectrum being at 285.0 
eV. The same software was also used to determine the chemical bonds 
via a deconvolution of the C1s spectra. To do so, a curve fitting was 
carried out using Gaussian-Lorentzian peaks (80–100 %) with full width 
at half maximum (FWHM) confined below 1.5 eV. All XPS values re
ported in the paper represent the average of 4 measurements taken on 2 
different samples of the same conditions. 

XPS micro-mapping was also performed on the plasma-treated NGCs 
to study, with a distinctively high precision, the exact distribution of 
oxygen and carbon over the complete inner wall surface. A matrix of 38 
× 7 spots selected at 10 μm intervals vertically and horizontally was 
created in way accurately covering the inner NGC wall. This was done by 
a scanning X-ray induced (SXI) secondary electron image camera con
nected to the XPS device and allowing a precise navigation over the 
sample surface. A chemical mapping involving individual high resolu
tion C1s and O1s spectra recorded with a step size of 0.4 eV and a pass 
energy of 93.9 eV was then performed in an unscanned mode with a 
spatial resolution of 10 μm. In fact, each measurement spot (= 500 μm2) 
was divided into analysis areas of 10 μm2 giving a map of 50 × 50 pixels 
(2500 values). After analyzing each map separately using Multipak 
software (V 9.6), all individual maps were stitched together thus 
generating an oxygen map of 1900 × 350 pixels on the inner NGC sur
face (Fig. 1.4). 

2.4.2. WCA analysis 
The surface wettability of the inner NGC wall was assessed before 

and after the different plasma treatments by means of water contact 
angle (WCA) measurements using a Krüss Easy Drop optical system 
(Krüss Gmbh, Germany). To do so, the NGCs were cut opened, then 
distilled water droplets of 2 μL were deposited on the inner surface using 
an automated high-precision liquid dispenser. The WCAs were then 
measured by means of Laplace-Young curve fitting. The reported values 
are presented as mean WCA values ± standard deviation after averaging 
out 6 values measured on 3 different NGCs for every condition. 

2.4.3. SEM analysis 
The nanofibers forming the inner and outer walls of the NGCs were 

visualized using the JSM-6010PLUS (JEOL, Japan) scanning electron 
microscope (SEM). To do so, the NGCs were firstly cut open and coated 
on their inner or outer surface with a thin layer of fine gold particles by 
means of a JFC-130 autofine coater (JEOL, Japan). Thereafter, the actual 
SEM images were acquired at an accelerating voltage of 7 kV. ImageJ 
(National Institutes of Health, USA) analysis software was used to 
calculate the average fiber diameter over 50 distinct nanofibers taken 
from different images of 2 NGCs conceived with similar conditions. 
Moreover, the fiber alignment was analyzed using the “Directionality” 
plugin based on the FFT function that converts the SEM image to a 
“frequency” space representation. Images with grayscale pixels having 
distributions reflecting the fiber alignment on the initial SEM images 
were formed. The pixel intensities were acquired as a function of di
rection and plotted between 0◦ and 180◦. The degree of fiber alignment 
was weighed up in function of the shape and the height of the obtained 
curve. 

In order to visualize the cross section of the NGCs, an immersion in 

liquid nitrogen was done prior to the sectioning and SEM imaging to 
avoid fiber damaging and conduit compression during the cutting pro
cedure. In this way, precise measurements of the NGC diameter and wall 
thickness could be done using ImageJ. 

2.4.4. AFM analysis 
Atomic force microscopy (AFM) was employed in an effort to 

determine the macroscopic surface roughness of the inner NGC wall and 
the surface roughness of individual PA nanofibers before and after 
plasma treatment. To do so, the XE-70 AFM device (Park Scientific In
struments) was used to scan the sample surface in a non-contact mode by 
means of a highly doped crystal silicon cantilever having a spring con
stant of 40 Nm− 1 (Nanosensors™ PPP-NCHR). In order to ultimately 
assess the roughness of a single nanofiber, three progressively scaled 
down scanning steps were performed. Firstly, untreated and plasma- 
treated NGCs were cut opened and the inner nanofibrous mesh was 
scanned over an area of 25 × 25 μm2. In the second step, the scan 
domain was narrowed down to 5 × 5 μm2. Finally, the scan area was 
further reduced to 500 × 500 nm2 which is restricted to a single nano
fiber. The surface roughness of the three scanned areas was then 
quantified using the XEI software. For each condition, three different 
AFM images were acquired. The obtained root mean square roughness 
(Rq) values are presented as the average ± standard deviation of the 3 
measurement points. 

2.5. Porosity measurements 

The porosity of the nanofibrous mesh forming the NGC wall was 
determined based on the liquid displacement method [41,42]. Ethanol 
was selected as displacement liquid as it was shown to permeate through 
the porous NGC without shrinking or swelling the polymeric matrix 
forming the wall. The porosity percentage was calculated following Eq. 
(1): 

P (%) = (m3 − m4 − m1)/(m2 − m4)× 100 (1) 

where m1 is the dry NGC mass, m2 is the mass of a bottle filled with 
ethanol, m3 is the mass of the bottle filled with ethanol in which the NGC 
was immersed and m4 is the mass of the bottle filled with ethanol after 
taking out the ethanol-saturated NGC. 

The porosity values are expressed as average ± standard deviation 
(n = 4). 

2.6. Swelling index measurements 

In order the determine the swelling index of the NGCs before and 
after plasma treatment, the scaffolds were firstly weighted then 
immersed, up to 3 days, in phosphate buffer saline (PBS; pH 7.4) at 37 ◦C 
in order to mimic the physiological body conditions. Thereafter, the 
NGCs were removed from the solution at different time intervals (1, 2 
and 3 days) then weighted after being blot dried in a timed and 
consistent manner using precision wipes (Kimtech Science™) to wipe 
away the extra PBS. The swelling index (SI) was then calculated 
following Eq. (2): 

SI =
WW − WD

WD
(2) 

with WW and WD being the weights of the wet and dry NGCs 
respectively. The SI was measured on 4 different NGCs for every con
dition and the reported values are the average ± standard deviation. 

2.7. Tensile measurements 

Uniaxial testing was carried out with a Tinius Olsen tensile tester to 
assess the mechanical properties of the NGCs pre- and post-plasma 
treatment. To do so, the NGCs were cut open longitudinally and both 
ends (5 mm) were wrapped using a polyvinyl chloride tape with a 
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silicone rubber adhesive material to facilitate the clamping of the ends in 
between two pneumatically actuated rubber grips and to hamper any 
potential sliding. This vertical mounting of the NGCs left a gauge length 
of 10 mm for the mechanical loading that was performed at room 
temperature with a fixed preload of 1 N and a displacement speed of 10 
mm/min. Prior to the mounting, the exact wall cross-sectional thickness 
of each NGC was measured using a digital micrometer (Mitutoyo, 
Kruibeke, Belgium) on 4 random spots and averaged out. The resulting 
stress-strain curves were used to determine the ultimate strength at 
maximum load just before failure and the Young's modulus being the 
tensile elasticity calculated as the slope of the stress-strain curve's linear 
part. The reported results are the average of the values measured for 3 
NGCs of each test group. 

2.8. Primary SC culture studies 

Primary SCs were harvested from sciatic nerves of neonatal Wistar 
rat pups, in compliance with the Dutch Animal Experimental Act and 
with the approval of the local and national ethical authority. Tissue was 
further processed via dissection and digestion of the nerves following the 
cell isolation and purification method described by Kaewkhaw et al. 
[43]. This method is based on the use of a selective culture medium 
simultaneously inhibiting fibroblast growth and favoring SCs survival 
and proliferation. Briefly, the harvested nerves were chopped and 
digested using a 0.05 % (w/v) collagenase solution in 5 % CO2 for 60 min 
at 37 ◦C. The obtained cell suspension was then filtered via a 40 μm cell 
strainer and centrifuged for 6 min at 400 g. Afterwards, the supernatant 
was removed and the cell pellet was washed with Dulbecco's modified 
Eagle medium (DMEM) containing 100 U/ml penicillin/streptomycin 
and 10 % fetal bovine serum (FBS). Cells were centrifuged once more for 
6 min at 400 g and the supernatant was discarded. Finally, SCs were 
resuspended and cultured in DMEM Glutamax (Cell Culture Technolo
gies) supplemented with 10 % (v/v) FBS, 0.25 μg/ml amphotericin B, 1 
% (v/v) N2 supplement (R&D Systems), 20 μg/ml bovine pituitary 
extract, 1 % (v/v) penicillin/streptomycin and 5 μM forskolin (Sigma- 
Aldrich). Cell cultures were kept at 37 ◦C in a humidified environment 
containing 5 % CO2. The medium was refreshed every 3 days and SCs 
were subcultured once they got to 80 % confluency. 

2.8.1. Cell seeding on the NGCs 
Before cell seeding, UV-sterilized PA conduits were longitudinally 

cut open in two to generate flat electrospun sheets. Each sheet was 
placed in a rectangular well (8 mm × 2 mm) made up of poly
dimethylsiloxane (PDMS) from the Sylgard 84 elastomer kit (Dow 
Corning). In order to create the PDMS wells, a mixture of the elastomer 
and the curing agent was prepared at a ratio of 10/1 (w/w) and filled 
inside rectangular molds having the desired dimensions. Afterwards, the 
mixture was degassed in a vacuum chamber. The curing process was 
done in an oven at a temperature of 80 ◦C for 1 h. The resulting PDMS 
casts were removed from the molds and dry-sterilized in an oven at a 
temperature of 160 ◦C for 4 h. In order to prevent cell attachment on the 
PDMS casts and constrict it on the NGCs, a solution of 0.5 % Pluronic 
F127 was poured in each PDMS well. After 30 min of incubation, the 
wells were washed 2 times with phosphate-buffered saline (PBS). 

Once the untreated and plasma-treated PA NGCs were placed in the 
PDMS wells, an incubation in DMEM supplemented with 10 % FBS was 
done overnight. The medium was then removed and the NGCs were 
washed 2 times with PBS. SCs of passage 6 and 7 were seeded, at a 
density of 30,000 cells/cm2, on the NGCs. Two sets of experiments were 
performed in which SC culturing was done using either a medium 
without FBS or a medium containing 10 % FBS. In this way, one can 
evaluate if cells would sense plasma-induced surface changes similarly 
in the absence or presence of the FBS proteins in the medium. The 
common constituents of both media were the following: DMEM Gluta
max, 1 % horse serum, 2 % N21-MAX supplement (R&D Systems), 100 
ng/ml of recombinant human NGF-β (Sigma-Aldrich) and 1 % 

penicillin/streptomycin. Cellular behavior was evaluated at day 1, 3 and 
7 after seeding. Both sets of experiments were repeated 2 times each and 
in all 4 sets, 2 samples per condition were considered for every assay. 

2.8.2. Immunostaining and fluorescence microscopy 
Cells cultured on PA NGCs were fixed with 4 % (v/v) para

formaldehyde (Sigma-Aldrich) in PBS for 20 min at a temperature of 
4 ◦C. Afterwards, the permeabilization of the fixed cells was done using 
0.1 % (v/v) TritonX (Sigma-Aldrich) in PBS for 15 min at ambient 
temperature. A blocking step followed via the immersion of the samples 
in a blocking buffer composed of 0.05 % Tween-20 (VWR), 5 % goat 
serum (Sigma-Aldrich) and 1 % bovine serum albumin (BSA, VWR) in 
PBS for 1 h at room temperature. NGCs were then incubated overnight in 
a primary antibody solution of rabbit anti-S100 antibodies (1:1000; 
Sigma-Aldrich) at a temperature of 4 ◦C. The samples were subsequently 
washed using a solution composed of 1 % BSA and 0.05 % Tween-20 and 
incubated for 1 h at ambient temperature with anti-rabbit Alexa 488 
antibodies produced in goat (Invitrogen). The NGCs were finally washed 
with PBS and mounted using Mowial 4-88 (Sigma-Aldrich) on micro
scope slides that were stored at 4 ◦C until imaging. SCs were visualized 
by fluorescence microscopy making use of a Nikon Eclipse Ti2 inverted 
microscope and images of the 4 different NGC zones were acquired at a 
magnification of 20×. Moreover, an automated stitching of overlapping 
images (12 × 1; 10× magnification) was also performed in order to 
visualize the cells on the full NGC length. 

2.8.3. Fluorescent image analyses 
Before analysis, all fluorescent images were subjected to automated 

background subtraction and local contrast enhancement given the fact 
that the electropsun scaffolds were showing a low degree of auto
fluorescence leading to the appearance of a light background color. To 
do so, the command “Subtract background” of ImageJ was used with a 
rolling ball radius of 100 pixels. Thereafter, the command “Enhance 
Local Contrast (CLAHE)” was employed with a blocksize, histogram bins 
and maximum slope of 127, 256 and 3.00 respectively. The distribution 
of SCs along untreated and plasma-treated NGCs was quantified by first 
converting the stitched images to binary images and then plotting the 
fluorescent intensity profile as a function of the position on the NGC. 
Moreover, the average fluorescent intensity of each NGC zone was 
calculated. The individual images were also converted to binary images 
and used to measure the circularity of the cells on the different zones of 
the NGCs using the automatic command “Analyze particles”. A circu
larity value of 1 is actually indicative of perfectly circular cells. The 
more the value approaches 0, the more the cells are elongated. The 
presented data were taken from 4 different images of each zone. 

2.8.4. SC fixation protocol for SEM analysis 
Next to the immunofluorescent images, SC-seeded NGCs were visu

alized by means of SEM imaging. To do so, SCs were firstly fixed by 
incubating the NGCs in 4 % paraformaldehyde for 20 min at 4 ◦C. A 
dehydration step was then carried out by immersing the samples in a 
series of escalating ethanol concentrations (50 %, 70 %, 85 %, 95 % and 
2 × 100 %) for 10 min/immersion. Thereafter, NGCs were soaked in 
hexamethyldisilazane (HMDS), left to dry under the fume hood, gold 
sputter-coated and imaged at an accelerating voltage of 7 kV. 

2.9. Statistical analyses 

The obtained ultimate stress, Young's modulus, average fluorescent 
intensity and cell circularity data were subjected to a statistical analysis 
implicating one-way Anova and Turkey post-hoc tests. A significance 
level of P < 0.05 was adopted. 
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3. Results and discussion 

3.1. Characterization of the electrospun PA NGCs 

After electrospinning, the deposited PEOT/PBT fibrous network was 
successfully pulled out from the tubular mandrel to obtain a steady NGC 
not showing any signs of collapse all over its length (Fig. 2 A). After SEM 
examination, the electrospun NGCs showed an inner diameter of 2 mm 
and a wall thickness of 200 μm (Fig. 2 B). The wall thickness was pur
posely conceived to be almost 2 times bigger than the one considered in 
several previous studies because the nerve defect that is intended to be 
repaired is bigger (2 cm) and requires a steady bridging for a longer time 
[4,18]. 

When taking a closer look at the inner and outer walls, one could 
notice consistently well-shaped and smooth fibers with diameters of 710 
± 98 nm and 775 ± 83 nm respectively (Fig. 2 B). In fact, this range of 
fiber diameter, previously shown to engender desired nerve and glial 
cell performances, was specifically aimed at by testing different polymer 
concentrations of the electrospinning solution [44,45]. Wang et al. re
ported that fibers having a closely matching diameter (759 nm) 
exhibited the extension of the longest neurites from dorsal root ganglia 
explants compared to fibers with smaller (293 nm) and larger diameters 
(1325 nm) [44]. Moreover, after evaluating the influence of different 
fiber diameters in the range of 340–1306 nm on SC behavior, Gnavi et al. 
concluded that: 1) thinner nanofibers promote SC spreading and 

cytoskeleton organization which enhance cell adhesion and prolifera
tion rate; 2) thicker microfibers boost SC motility and stretching which 
heighten cellular migration rate [45]. Therefore, a trade-off implicating 
an intermediate fiber diameter is believed to synergistically activate SC 
adhesion, proliferation and migration. Fig. 2 C, depicting the fiber 
diameter distributions on the inner and outer walls of the NGCs, roughly 
reveals normal distributions with no fiber diameters below 500 nm or 
above 1050 nm thus showing an acceptable fiber diameter homogeneity. 
Next to the importance of the diameter, the fiber orientation also criti
cally influences glial and neural cell behavior. A clear difference be
tween the inner and the outer walls was observed: bundles of aligned 
fibers with random fibers in between composed the inner wall, while 
randomly deposited fibers completely formed the outer wall (Fig. 2 B). 
This observation was quantitatively confirmed by generating the Fast 
Fourier Transform (FFT) output images and plotting the pixel intensity 
in function of the fiber direction (Fig. 2 C). Results showed that the inner 
wall displayed a significantly narrower and higher distribution curve 
compared to the outer wall thus corroborating the considerable 
heightening of the inner fiber alignment and the outer fiber randomness. 
The fiber alignment was previously shown to play a crucial role in 
achieving an efficient nerve regeneration with a certain degree of 
functional recovery by triggering SC guided migration and bipolar 
morphology [5,9,17,46]. However, the absence of pores in between 
highly aligned fibers is accompanied with a limitation illustrated by the 
hindrance of the crucial nutrient penetration inside the NGCs. The 

Fig. 2. A: Photograph of the obtained NGC (length: 2 cm); B: SEM images of the NGC cross section (magnification: 35×), the wall cross section (magnification: 250×) 
and the fibers on the inner and outer NGC walls (magnifications: 1500×, 4500× and 10,000×); C: Bar plot of the fiber diameter distribution on the inner and outer 
NGC walls; D: FFT pixel intensity plot in function of fiber direction on the inner and outer NGC walls. 
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presence of random fibers with interconnected pores intercalated in 
between the aligned fibers on the inner wall came to solve this issue. 
This beneficial inner wall architecture, synergistically enhancing a SC 
elongation and migration while allowing nutrient exchange, was never 
observed, to the best of our knowledge, in any of the previously engi
neered NGCs nor in the wide electrospinning literature in general. The 
outer wall architecture presenting a higher porosity is expected to 
further intensify the influx of trophic factors that are expected to 
concentrate inside the NGC thus creating a more regenerative micro
environment. This boosted nutrient inflow is extra-needed in long nerve 
gaps since the regenerative capabilities of the nerve ends can be 
exceeded [4]. In fact, when measuring the porosity of the NGC wall by 
means of the liquid displacement method, a high value of 89.28 +/−
2.38 % was obtained thus classifying the NGCs into the highly porous 
scaffold category. Comparable results were detected in literature when 
measuring the porosity of electrospun nanofibers using the same 
method. For instance, Sadeghi et al. reported a porosity of 93 % for 
chondroitin sulfate nanofibers having a mean diameter of 388 nm [42]. 
This slightly higher porosity is due to the lower fiber diameter compared 
to the NGC nanofiber diameter given the fact that when the fiber 
diameter rises, the porosity normally decreases [41]. Despite a lower 
mean fiber diameter of 415 nm, Liu et al. obtained a slightly lower 
porosity of 85 % for aligned PCL nanofibers compared to the porosity of 
the NGC wall [47]. This again reveals the added value of the inner wall 
architecture characterized by a mix of bundle of aligned fibers with 
random fibers in between in enhancing the NGC's porosity. Moreover, 
the presence of random fibers on the outer wall safeguarded for the 
steady bridging role of the NGCs thanks to their numerous joining points 
forming a robust fibrous network. This network strengthens the com
plete conduit structure and prevents the fibers from falling apart. A 
higher SEM image magnification (10,000×) revealed that overlapping 
fibers of the outer wall were slightly fused together, thus consolidating 
more the NGCs (Fig. 2 B). This fiber fusion was attributed to the reten
tion of small solvent amounts that merged fibers in contact when 
depositing on the tubular collector and formed a number of physical 
cross-links after complete solvent evaporation. Another advantage of the 
random deposition of fibers on the outer wall is the enhanced tear 
resistance that it appends to the entire wall. This makes the NGC more 
prone to withstand the surgical coaptation where a suture travels 
through the NGC wall multiple times to secure it to the nerve stumps [2]. 

The distinctive NGC double-layered wall obtained in this study was 
generated in a one-step electrospinning process with custom-tailored 
parameters. Since the goal was to align the inner fibers along the 
conduit length and not perpendicular to the tubular mandrel, a very low 
mandrel rotational speed of 50 rpm was put into play during electro
spinning. In this way, the mechanical forces caused by high speeds 
stretching and aligning the fibers in the same motion direction were 
partly cancelled out. Next to decreasing the rotational speed, all the 
device parts neighboring the mandrel were covered with an insulating 
tape, thus giving prominence to the metallic mandrel conductivity. 
Therefore, the charged fibers were driven by electrostatic forces to 
stretch and deposit in an aligned manner spanning the mandrel length. 
Yet, the rotation of the collector was probably still interrupting this 
electrical effect by imposing a mechanical force that disrupted the 
continuity of the fiber alignment on the complete wall circumference 
and led to the deposition of interspersed random fibers. The more the 
metallic mandrel was covered by the non-conductive polymeric fibers, 
the less the electrical forces causing the alignment were intervening thus 
leading to randomly deposited fibers on the outer layers. In previous 
studies involving electrospun NGCs, few researchers generated double- 
layered scaffolds of aligned and random fibers by rolling and securing 
2 fibrous sheets into a cylindrical shape [2,15,17]. However, the fabri
cation of seamless bi-layered NGCs presenting an even and smooth 
luminal wall and eradicating the risks of mechanical failure and seam 
dissociation was rarely performed. In most studies implicating the 
electrospinning of NGCs on a tubular mandrel in a simple one-step 

procedure, walls composed of only random fibers were mainly formed 
[18,48]. To our knowledge, Zhu et al. were the only ones to successfully 
electrospin bi-layered NGCs by adopting this simple approach. However, 
highly aligned fibers lacking the mandatory porosity for nutrient supply 
were formed on the inner wall [14]. 

3.2. XPS analysis pre- and post-plasma treatments 

3.2.1. Survey scans: elemental composition 
After electrospinning, XPS measurements were carried out to assess 

the surface chemical composition of the NGCs. Since SCs will be in direct 
contact with the inner wall, the measurements that follow were only 
restricted to the inner NGC surface. XPS survey scan analysis revealed a 
surface oxygen content of 17.5 % and a C-content of 82.5 % on the 4 
different zones of the NGC thus indicating a homogeneous surface 
chemistry across its length (Fig. 3 A). 

In an attempt to enhance the surface chemical properties for 
improved SC activities, the NGCs were subjected to different plasma 
treatments. In a first set of experiments, a DBD operating in air or in Ar at 
medium pressure was used for this purpose. In contrast to 2D surfaces, 
plasma modification of 3D scaffolds using a parallel plate DBD is a 
challenging task since plasma penetration through the interconnected 
pores is required to efficiently treat the inner wall. Therefore, in order to 
precisely evaluate the plasma capacity to reach and modify the luminal 
surface, XPS measurements were performed on NGCs exposed to 
different plasma treatment times (Fig. 3 A). Results showed that air and 
Ar discharges lead to different chemical surface modifications along the 
NGCs. After 2 s of plasma exposure, almost no changes in the NGC 
surface chemistry were detected when Ar was used as discharge gas. 
However, a significant increase in oxygen content from 17.5 % to at least 
20.9 % could already be detected when air was used as discharge gas, 
thus highlighting the fast penetration of air plasma inside the NGCs. 
Nevertheless, the conduits were non-homogeneously treated since the 
oxygen percentage was shown to vary along the NGCs. In return, the 
surface C-content decreased proportionally with respect to the oxygen 
increase since no other elements were incorporated on the fiber surface 
during or post-plasma treatment. When increasing the plasma exposure 
time to 4 s and 8 s, a sudden increase in the surface oxygen from 17.5 % 
to around 23.6 % and 24.7 % respectively was perceived in case of the Ar 
discharge. These results also denoted the penetration ability of Ar 
plasma but with a delay compared to air plasma. Moreover, it is worth 
mentioning that Ar plasma engendered a completely homogeneous 
surface modification illustrated by similar oxygen percentages on the 4 
zones along the luminal wall. In the air discharge, the oxygen content 
continued to increase after 4 s and 8 s of treatment time but in smaller 
steps and with the same non-uniform trend across the NGC length. A 
plasma exposure time of 16 s marked a noticeably higher and uniform 
oxygen incorporation reaching around 28 % along the NGCs treated 
with Ar. This percentage could not be attained with the air discharge 
where zones 1, 2 and 3 continued to incorporate less oxygen (≈ 25 %) 
than zone 4 (≈ 27 %). At 32 s of plasma exposure, a saturation of the 
treatment effect was distinguished in both discharges as the NGC surface 
chemistry was analogous to the one detected at a 16 s treatment. 

In order to get a clear understanding on how air and Ar plasmas 
modified differently the NGC inner wall, it is essential to elucidate: 1) 
the mechanisms underlying plasma penetration throughout the NGC 
wall thickness and 2) the effects of each discharge atmosphere on the 
different active species bombarding the fibrous surface. First, the active 
species of plasma generated between both DBD electrodes must have the 
chance to move to the intended reaction location, which is the inner 
NGC wall without losing their modifying capacity. This diffusive trans
port of particles is mainly influenced by their mean free path on the one 
hand and the fibers inter-distance or the wall porosity on the other hand. 
When the mean free path of the surface modifying particles is smaller 
than the typical distance between PA fibers, the particles are more prone 
to collide with each other rather than with the NGC. However, when the 
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mean free path is comparable to or bigger than the wall pore size, plasma 
species impact only with the NGC surface and the shortfalls of particles 
induced by excessive collisions are ignored [49,50]. Since Ar is denser 
than air, one can deduce that the active species in air plasma had bigger 
mean free paths than the ones in Ar plasma. This can explain the faster 
penetration of air plasma (2 s) inside the NGCs. The pressure in which 
plasma is generated also plays a decisive role in the particles' diffusive 
transport as it substantially influences the mean free path of plasma 
species. It was actually stated that the optimal pressure range for plasma 
modification of the full thickness of multilayered textiles is restricted 
between 0.1 and 10 kPa [50]. Since the DBD plasma treatments per
formed in this study were conducted at a medium pressure of 5 kPa, the 
active species seemed to attain sufficiently large mean free paths to be 
able to reach the luminal wall. This is why Ar plasma could also modify 
the inner wall surface but with a slightly delayed primary effect (4 s). It 
is worth mentioning that the inner wall architecture presenting inter- 
fibrous pores due to the partial presence of random fibers instead of 
only aligned fibers also played a role in the successful penetration of 
plasma species into the lumen. 

Once inside the NGC, 2 types of species are recognized to induce 
surface chemical changes: 1) non-reactive species break down C–H and 
C–C bonds spawning surface radicals and 2) chemically reactive species 
such as molecular and atomic oxygen insert new functional groups. 

Since one of the plasma treatment is sustained in pure Ar, the grafting of 
oxygen-containing functionalities should not theoretically occur and the 
generated radicals should instead interact with each other forming a 
cross-linked network [21,51]. In reality, the plasma chamber contains 
oxygen impurities sourced from: 1) gaseous components such as H2O 
and O2 that plasma desorbs from the reactor walls, 2) oxygen traces in 
the working gas, 3) air remaining in the plasma chamber because of 
insufficient pre-treatment pumping and evacuation. Moreover, post- 
treatment oxidation via secondary reaction pathways between the 
plasma-created radicals and oxygen molecules of the surrounding air is 
also anticipated to take place [26,52]. 

For the sake of testing if plasma species lost some of their surface 
modification ability during the penetration throughout the NGC wall, 
flat PA fibrous membranes were plasma-treated and a comparative XPS 
analysis was performed. Maximal oxygen contents of 28.4 % and 28.7 % 
were detected on the surfaces treated with air and Ar DBD respectively. 
These results revealed the fact that air plasma was unable to modify the 
inner NGC wall with its full potential like Ar plasma. The reason behind 
these distinctive consequences is presumably the different DBD modes 
being filamentary and glow in the air and Ar discharges respectively. A 
higher concentration and more even distribution of surface modifying 
species and ions are normally present in the glow mode compared to the 
filamentary mode [53]. Therefore, even if some particle losses occurred 

Fig. 3. A: Evolution of the surface oxygen content on 4 zones of NGCs subjected to argon DBD, air DBD and argon PJ treatments as function of plasma exposure time. 
B: XPS micro-mapping images of the oxygen distribution on the complete inner surface of NGCs subjected to air DBD, Ar DBD and Ar PJ treatment at specific 
treatment times. 
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during the movement throughout the NGC walls, a higher amount of 
species responsible for the surface modification would reach and 
concentrate in the lumen in case of the glow Ar discharge. This can 
explain why the middle NGC zone could only incorporate around 25 % 
of oxygen in the air discharge while 28 % of oxygen was incorporated in 
the Ar discharge. 

The inhomogeneous surface modification of the air plasma-treated 
NGCs showing a higher oxygen content (27.4 %) on zone 4 is prob
ably due to the side penetration of plasma through the conduit opening. 
This occurred only at the NGC side positioned next to the gas flow inlet. 
This “gradient-like” oxygen content created along the NGCs can be 
interesting in enhancing nerve regeneration as regrowing axons were 
shown to be driven by chemotactic signals distributed in a spatial con
centration gradient [33]. However, a “real” and steeper gradient with 
increasing oxygen content on each of the 4 zones is more likely to obtain 
this beneficial effect. Therefore, in a trial aiming at generating such a 
gradient, the NGCs were subjected to a PJ treatment operating in Ar at 
atmospheric pressure. In this way, the plasma jet or the so-called effluent 
plasma outflew from the jet capillary and directly penetrated inside the 
NGC through its opening. Ideally, a gradual decrease in the plasma in
tensity was supposed to occur across the effluent length leading, in 
theory, to a gradual decrease in the plasma modification efficiency along 
the NGC surface. Nevertheless, after 5 s of plasma exposure, the oxygen 
content increased in an arbitrary manner from 17.5 % to 22.4 %, 23.5 %, 
26.8 % and 24.6 % on zone 1 to 4 respectively (Fig. 3 A). An unbalanced 
and non-gradient oxygen incorporation was also previously perceived 
when treating polyethylene tubes making use of an atmospheric pres
sure argon PJ [40]. This fluctuating behavior is probably due to very 
specific gas-dynamic processes occurring at the inlet region. Moreover, 
another explanation might be related to the theory stating that the PJ 
discharges are particularly comprised of a train of ionization waves 
propagating at high speeds and known as “plasma bullets” [54]. Many 
studies have noted the complicated mechanisms underlying the propa
gation of “plasma bullets”. One of the assumptions indicated that the 
electron density distribution, the electric field and the active species 
inside a bullet are non-homogeneous [55–59]. When increasing the 
treatment time to 10 s, a gradient incorporation of oxygen was suc
cessfully attained along the NGC with a 9 % difference between the 
lowest and the highest amount (zone 1: 21.6 %; zone 2: 26.8 %, zone 3: 
29.5 %; zone 4: 30.5 %). This is presumably attributable to the plasma 
propagation that started after a certain treatment time to follow a more 
controlled trend: the radius of the bullets increased progressively along 
the NGC path while plasma intensity decreased affecting less and less the 
surface [40]. When increasing the treatment time even more to 15 s and 
20 s, fluctuations in the oxygen amount were again perceived along the 
NGCs with an overall average drop. Most likely, this behavior could be 
correlated with the plasma etching effect that started to cause at 
extended treatment times a random depletion of the plasma-induced 
oxygen containing bonds and the bonds already present in the poly
mer backbone. Although mainly triggered by the presence of oxygen 
species, the etching effect was also observed in Ar plasmas where UV 
etching is predominant over the oxidative degradation [26,60,61]. 
Riekering et al. also perceived a decrease in the O/C ratio when sub
jecting PEO/PBT films to an Ar plasma treatment at a certain exposure 
time [60]. This outcome was linked back to the preferential etching of 
the softer PEO regions of the copolymer that was also anticipated to take 
place during PJ treatment of the NGCs in this present study. 

In what follows, the analysis will be restricted to the optimal plasma 
exposure times: argon DBD treatment of 16 s, air DBD treatment of 16 s 
and argon PJ treatment of 10 s. 

3.2.2. XPS micro-mapping 
After assessing the surface elemental composition on the 4 different 

zones of the plasma-treated NGCs, an advanced and uncommon XPS 
micro-mapping was performed to visualize with great precision the 
exact distribution of oxygen over the complete NGC inner wall surface. 

In this way, the homogeneous and gradient surface modifications 
induced by the different plasma treatments could be confirmed and 
further highlighted. The obtained XPS micro-maps (1900 × 350 values) 
are displayed in Fig. 3 B. Since oxygen and carbon are the only elements 
present on the NGC surface, the maps showing the C-content are not 
presented as they picture the reverse of the oxygen maps. Ar DBD pro
vided a completely homogeneous surface modification, thus corrobo
rating the previous zone-specific results. An overall lower and non- 
homogeneous oxygen incorporation was observed after air DBD treat
ment underlying again the reduced amount and efficiency of plasma 
species penetrating throughout the NGC wall and interacting with the 
inner surface. The map exposed a “gradient-like” distribution illustrated 
by a noticeable increase in the oxygen content on a quarter area at one 
side of the NGC. This particular observation ascertained our previous 
assumption concerning the side penetration of plasma through the NGC 
opening close to the gas inlet, leading to a more efficient surface 
modification on one extremity. Finally, a steep gradient map with 
increasing oxygen content along the NGC length was clearly discerned 
post‑argon PJ treatment to be in line with the previous zonal analysis. In 
this way, a new approach involving a simple PJ design was used to 
create a chemical gradient in tubular scaffolds. Previous studies aiming 
at creating chemical plasma gradients on polymeric surfaces were only 
applied on 2D films using very complex and extensively redesigned 
plasma reactors involving for instance automated stepper motors mov
ing the samples, reshaped electrodes and shielding covers [62,63]. No 
study has reported so far the formation of a surface plasma chemistry 
gradient inside NGCs. The few authors that have implemented luminal 
growth factor gradients on NGCs did not carry out any advanced (XPS 
micro-mapping) or even basic chemical characterizations thus not being 
able to fully understand the resulting cellular behaviors that are to a 
large extent influenced by the underlying surface chemistry [5,33]. 
Overall, a visual comparison between the 3 maps draws more attention 
to the big variances that can be induced by different working gases and 
reactor configurations in the plasma treatment of electrospun tubular 
scaffolds. 

3.2.3. C1s peak deconvolution: chemical bonds 
In order to get an insight on the specific types and relative amounts of 

the plasma introduced oxygen-containing functionalities, high resolu
tion C1s curves were deconvoluted for each of the 4 NGC zones. Ac
cording to the molecular structure of PEOT/PBT and to literature, the 
C1s envelope of the copolymer encompasses 4 different peaks: a peak at 
285.0 eV attributed to hydrocarbon and aliphatic or aromatic carbon 
bonds (C–C), a peak at 286.5 eV ascribed to hydroxyl groups (C–O), a 
peak at 287.7 eV accredited to carbonyl groups (C=O) and a peak at 
289.1 eV corresponding to carboxyl groups (O-C=O) [25,64]. A table 
that contains the quantitative results of the C1s fitting carried out for 
untreated NGCs and for the 4 zones of NGCs subjected to air DBD, Ar 
DBD and Ar PJ treatments can be found in the supporting information 
(Table S1). In order to have a more evident comparison between the 
untreated and the different plasma-treated NGCs, the mean fold change 
of the relative concentrations of the different functionalities was 
calculated for the 4 zones of the plasma-treated NGCs with respect to 
their corresponding values on the untreated NGCs (Fig. 4). High- 
resolution C1s curve deconvolution on only zone 4 of the untreated 
and plasma-treated NGCs can be found in the supporting information 
(S2.1). The relative amount of the peak at 285.0 eV on the untreated 
NGCs (69.3 %) was higher by approximately 5 and 9 % than the one 
previously detected on spin-coated and 3D printed 300PEOT55PBT45 
respectively [25,52]. In return, the total amount of the other oxygen- 
containing bonds was lower but their relative concentrations followed 
parallel proportions. This might be due to the possible enrichment of low 
binding energy functionalities such as methyl groups on the fiber surface 
over the bulk during electrospinning. After Ar DBD treatment, the 
relative concentration of all bonds changed substantially but similarly 
on all zones which is in agreement with the homogeneous oxygen 
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incorporation on the complete NGCs. An average fold decrease (with 
respect to the untreated NGC) of 0.83 was noted for the C–C peak and 
fold changes of 1.29, 1.62 and 1.84 were detected for the C–O, C––O 
and O-C=O peaks respectively. These results suggest that Ar plasma 
attacked C–C and C–H bonds and the formed radicals could interact 
with oxygen species rather than fully undergoing cross-linking. The 
C–O bonds (31 %) were shown to be more easily incorporated than O- 
C=O (7 %) and C––O (4 %) bonds, which was frequently observed after 
Ar plasma treatment of some other polymers [61,65]. Air DBD treatment 
also induced noticeable variations in the C1s curve fit but to a lower 
extent and in a non-homogeneous manner over the NGC length. As 
anticipated, zone 4 showed the largest changes as it was affected by the 
side plasma penetration. A mean fold decrease ranging between 0.87 
and 0.95 was noted for the C–C peak and fold changes ranging between 
1.11 & 1.21, 0.90 & 1.48 and 1.35 & 1.65 were detected along the NGCs 
for the C–O, C––O and O-C=O peaks respectively. Given the reduced 
potential of air plasma species in modifying the surface after crossing the 
NGC wall, C––O groups were not introduced at all on zones 1 to 3. This 
result was to be expected as a normal air DBD plasma treatment of flat 
PEOT/PBT films was previously shown to have a lower ability in 
incorporating C––O groups than an Ar DBD treatment [52]. Interest
ingly, a remarkable gradual decrease in the mean fold change of C–C 
bonds from 0.93 to 0.79 and a prominent continual increase in the mean 
fold change of O-C=O bonds from 1.22 to 2.77 were detected along the 
NGCs subjected to Ar PJ treatment. These ascending and descending 
changes were in line with the surface oxygen and carbon gradients 
revealed by the XPS survey scans and micro-mappings. No signs of C––O 
bond incorporation were detected on zone 1, while zones 2 to 4 showed 
an average C––O fold change of 2.14 with respect to the untreated NGC. 
Despite the overall higher surface modification potential of the PJ 
compared to the DBD, the maximal C–O bond amount found after Ar 
DBD treatment was not attained after PJ treatment. Moreover, the C–O 
fold change to the untreated NGC was not homogeneous on the different 
zones of the PJ-treated NGCs nor following a gradient trend of 
increasing values along the NGC. Since the PJ operated at higher power, 
this behavior is presumably linked to the preferential plasma etching of 
the softer PEOT segments causing the depletion of C–O bonds from the 
polymer backbone. This depletion was overcompensated by the incor
poration of new C–O bonds that could not reach at the end the amount 
added during DBD treatment. This elucidation can be further approved 
by several studies showing a stagnation or even a decrease in C–O 
bonds on the surface of PEOT/PBT samples after plasma activation 

making use of reactors with higher powers [25,52]. 

3.3. Surface wettability and swelling index pre-and post-plasma 
treatments 

The grafting of the aforementioned polar functionalities on the 
plasma-treated NGCs is well-known to boost their surface wettability 
which is recognized to play a primordial role in enhancing SC adhesion 
and proliferation [66]. Therefore, the wettability of the inner wall sur
face of the NGCs was assessed via WCA measurements performed on the 
4 pre-defined zones. Given the fact that the obtained WCA values on all 
zones of every condition did not show any statistical difference, the 
results reported in Table 1 represent the average WCA values measured 
on the whole NGC length. The starting WCA on the untreated NGC was 
95◦ which could situate it into the hydrophobic category. A considerably 
lower WCA value of 59◦ was previously detected on untreated 
300PEOT55PBT45 films [52]. On the one hand, this difference might be 
due to the potential enrichment of low binding energy functionalities 
such as C–C groups on the fiber surface over the bulk during electro
spinning at the expenses of polar oxygen-containing functionalities. On 
the other hand, amplified hydrophobicity is always perceived on 3D 
nanofibrous meshes compared to 2D surfaces. This is attributed to the 
topography of nanofibers exhibiting numerous inter-fiber pores in which 
the ambient air ends up entrapping thus partially hindering water 
infiltration [26]. When exposing the NGCs to the different plasma 
treatments namely Ar DBD, air DBD and Ar PJ, an instantaneous com
plete infiltration of the water drop into the inner wall was spotted which 
led to WCAs of 0◦ along the NGCs regardless of the amount of 

Fig. 4. Bar plot of the mean fold change of the relative concentrations of carbon-containing functionalities on the 4 zones of the plasma-treated NGCs with respect to 
the untreated NGC (dotted line). 

Table 1 
WCA and swelling index results of the NGCs pre- and post-plasma treatments.    

NGC condition 

No 
treatment 

Argon DBD 
treatment 

Air DBD 
treatment 

Argon PJ 
treatment 

WCA (◦)  95.03 ±
3.77 

0 0 0 

Swelling 
index 

Day 
1 

2.57 ±
0.23 

2.45 ± 0.21 2.55 ± 0.11 2.61 ± 0.16 

Day 
2 

2.65 ±
0.27 

2.48 ± 0.27 2.59 ± 0.10 2.55 ± 0.09 

Day 
3 

2.65 ±
0.30 

2.49 ± 0.29 2.47 ± 0.18 2.44 ± 0.09  
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incorporated surface oxygen. In fact, when a certain threshold of 
chemical polarity is attained, the low tension water drop fully over
powers the air entrapment by its incapability to be held on the nano
fibers surface anymore and as such completely penetrates into the inner 
wall turning it into a super-hydrophilic mesh [21]. This chemistry 
threshold was apparently reached when the surface oxygen content 
reached a value of 21.6 % which was detected on zone 1 of the PJ- 
treated NGC. This can explain the homogeneous hydro-properties 
along the NGCs exhibiting a plasma-induced chemistry gradient. 

Next to the importance of the surface wettability of the NGCs, their 
swelling behavior is an important parameter to be tested. In fact, the 
water absorption capability of the NGCs is a vital feature since water 
storage and transmission throughout their wall are imperative for easy 
fluid exchange and appropriate cell nutrition and signaling establish
ment [67]. Nonetheless, although important, the swelling degree of 
NGCs should be moderate not to compress the regenerating nerves [10]. 
As such, the swelling index of the untreated and plasma-treated NGCs 
was assessed after immersing them in PBS at 37 ◦C up to 3 days 
(Table 1). The obtained swelling indexes of the untreated NGCs were 
2.57 and 2.65 at day 1 and 3 post-immersion respectively. Since the 
mean values were not statistically different, one can assume that a 
swollen equilibrium state was already attained during the first day of 
immersion in PBS. This early attainment of the equilibrium state is 
beneficial in case of NGCs as nerve regeneration takes more time and as 
such regenerating nerves would not undergo any swelling-related 
compression. Moreover, the obtained swelling values are considered 
to be moderate in comparison with previously reported swelling indexes 
of NGCs. For instance, mass swelling indexes above 8, 5 and 6 were 
reported for polyethylene glycol, poly(lactic-co-glycolic acid) (ratio 
75:25) and alginate-collagen NGCs respectively [68–70]. Swelling 

mechanisms require the ability of the polymeric chains to soak up water 
molecules across the NGC wall. In case of PEOT/PBT, the swelling ca
pacity is attributed to the hydrophilic nature of the soft PEO segments 
[71]. Despite the enhanced surface wettability of the plasma-treated 
NGCs, unchanged swelling indexes were detected after the different 
treatments. This is probably due to the fact that the plasma-induced 
incorporation of polar groups was only limited the top surface of the 
nanofibers (few nanometers in depth). Therefore, the ensuing changes in 
water absorption and as such swelling were not detectable. 

3.4. SEM and porosity analyses pre- and post-plasma treatments 

Besides the advantageous surface chemical modification, the pres
ervation of the fibrous wall morphology and porosity is an extra critical 
consideration to approve plasma treatment suitability for PA NGCs. 
Therefore, SEM images of the inner NGC wall were acquired before and 
after plasma treatment (Fig. 5 A). The analysis was restricted to zone 4 as 
it underwent the most pronounced chemical modifications in case of air 
DBD and PJ treatments and was therefore the most prone to plasma- 
induced physical damages. The 3 different plasma treatments were 
shown to exhibit no alterations in the morphological features of the fi
bers composing the NGC wall. Moreover, the particular fiber architec
ture illustrated by bundles of aligned fibers with random fibers in 
between was preserved. Since the fiber diameter is also a critical 
parameter influencing neural and glial performances, it was again 
measured post-plasma treatments [44,45]. The obtained values did not 
reveal any statistical differences, which also pointed out the conserva
tion of the fiber scale even in case of PJ treatment where a mild chemical 
etching was probably taking place. These unchanged fiber diameter and 
morphology led to an unaltered high wall porosity that remained 

Fig. 5. A) SEM images of the inner NGC wall pre- and post-plasma treatments (zone 4 -magnification: 1500×); B) Mechanical properties of the NGCs pre- and post- 
plasma treatments: a. Typical stress-strain curves; b. Bar plot of the stresses at maximal load; c. Bar plot of the Young's moduli (one-way Anova analysis: no sta
tistically significant differences; P > 0.05). 
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statistically the same before (P = 89.28 ± 2.38 %) and after Ar DBD (P =
90.46 ± 1.49 %) and Ar PJ (P = 88.07 ± 1.48 %) treatments. In previous 
studies, electrospun PCL fibers showed signs of melted joining points 
and more drastic morphological deterioration when subjected to the 
same Ar and air DBD treatments respectively [26]. This highlights again 
the enhanced mechanical and thermal properties of PA fibers compared 
to other polyester fibers. 

3.5. Tensile testing pre- and post-plasma treatments 

Next to the importance of the topographical and surface chemical 
properties of NGCs, it is imperative that their mechanical properties 

match the soft nature of the peripheral nerves within certain acceptable 
limits. In fact, if the NGC is too soft, the surgical implantation becomes 
very challenging and the risk of collapse in vivo increases. However, if 
too rigid, the NGC can exert an unwanted chronic compression on the 
regenerating nerve [18]. Therefore, in order to assess the mechanical 
suitability of the designed NGCs and examine whether the different 
plasma treatments were altering their mechanical performance, the 
typical stress-strain curves of all NGCs were recorded under tensile 
loading. The ultimate stress at maximal load and the Young's modulus 
were then obtained with values equal to 2.2 MPa and 8.0 MPa for the 
untreated NGCs respectively (Fig. 5 B). Interestingly, the acquired ulti
mate stress closely matched the one of a rat sciatic nerve being 2.7 MPa 

Fig. 6. AFM images of the inner NGC wall pre- and post-plasma treatments (scan sizes: 25 × 25 μm2; 5 × 5 μm2 and 500 × 500 nm2).  
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as was assessed by Borschel at al [19]. Moreover, Santos et al. have also 
detected a comparable mechanical performance (Tensile stress: 2.6 MPa 
and Young's modulus: 10.5 MPa) of electrospun PA NGCs made up of the 
same ratio of PEOT (55) to PBT (45). Despite their relatively thin wall 
and high porosity, such NGCs had a slow degradation rate without any 
sign of collapse for at least 4 months post-implantation in rats thus of
fering a long-term support for the slow regeneration in long nerve de
fects [4]. In fact, when comparing the obtained results with the 
mechanical properties of other NGCs made up of conventional synthetic 
and natural polymers, one can notice the enhanced flexibility and 
resilience of PA NGCs. For instance, Prabhakaran et al. have shown that 
electrospun PCL, chitosan and PCL/chitosan exhibited considerably 
higher Young's modulus values reaching 35, 28 and 65 MPa respectively. 
Moreover, lower tensile strengths in the range of 0.22–1.31 MPa were 
detected thus deviating more from the strength of the native nerve [20]. 
Luckily, the different plasma treatments were revealed not to alter the 
desirable mechanical properties of the electrospun PA NGCs. The 
average values of the ultimate stress and Young's modulus after Ar DBD, 
air DBD and Ar PJ treatments were 2.1, 2.2 & 2.2 MPa and 9.3, 9.5 & 8.0 
MPa respectively (Fig. 5 B). The statistical analysis showed no signifi
cant differences pre- and post-plasma treatments. Ar DBD treatment, 
which produces a homogeneous surface oxygen incorporation, and Ar PJ 
treatment, which creates a surface oxygen gradient, were the only two 
conditions considered for the following AFM and in vitro 
characterization. 

3.6. Surface roughness pre- and post-plasma treatments 

Since cell performances can be greatly influenced by the underlying 
surface roughness of the material on which they are adhering/growing, 
AFM measurements were performed on the 4 zones of the inner NGC 
wall to determine its roughness pre- and post-plasma treatment. Given 
the fact that all zones of every NGC condition exhibited similar fiber 
morphology and Rq values, the results of zone 4 are only presented. 
Fig. 6 shows the recorded high-resolution AFM images narrowed down 
from a scanning area of 25 × 25 μm2 to areas of 5 × 5 μm2 and 500 ×
500 nm2 with the corresponding Rq values. This progressively scaled 
down strategy was followed to ultimately image and assess the rough
ness of a single nanofiber. In this way, one can detect with a very high 
precision if the different plasma treatments have caused any changes in 
the surface roughness of the NGCs. This high precision was purposely 
looked for since neurons and SCs were revealed to sense nanoscale 
roughness with a high sensitivity to variations of only a few nanometers 
[72,73]. All images revealed that the nanofibers displayed a homoge
neous cylindrical structure across their length but appeared wider than 
their real diameter because of the geometry of the used AFM tip. Rq 
values of 890 nm and 723 nm were perceived on the inner nanofibrous 
mesh of the untreated NGCs as measured on the AFM images having 
scanning areas of 25 × 25 μm2 and 5 × 5 μm2 respectively. A relatively 
smooth surface of individual fibers was spotted given the obtained low 
Rq value of 3 nm. The exposure of the fibers to argon DBD and PJ did not 
cause any variations in their surface roughness as the obtained Rq values 
indicated no statistical differences. The AFM images of the 4 zones of the 
PJ-treated NGCs are shown in the supporting information (Fig. S2). 

3.7. Comparative in vitro SC study on untreated and plasma-treated 
NGCs 

The ultimate goal of implementing plasma-induced chemical fea
tures on the surface of NGCs was to promote glial cell performances for 
an enhanced nerve regeneration across critical defects. Therefore, the 
final step of this paper was to assess the bioresponsive properties of 
untreated and plasma-modified NGCs through a comparative in vitro 
study using primary SCs. 

3.7.1. SCs-surface interactions along the NGCs 
Since SCs are the primary glial cells of the peripheral nervous system 

playing a key role in nerve regeneration, they should adhere, proliferate 
and migrate effectively on the NGCs [37]. In order to visualize the 
interaction of SCs with the complete untreated, homogeneously treated 
and gradient NGC surfaces, 12 overlapping immunofluorescent images 
were acquired along the inner wall and stitched together. Fig. 7A shows 
the final fluorescent images of SCs cultured on the different NGCs in the 
presence of FBS for 1, 3 and 7 days. Moreover, in order to quantify and 
more precisely sense the cell distribution along the NGCs, fluorescent 
intensity curves were plotted as a function of the position on the NGC 
(Fig. S4). To better compare between the different NGC zones and NGC 
conditions the average fluorescent intensity of every zone of all NGCs 
was calculated and plotted (Fig. 7B). Regardless of the culturing day, 
untreated NGCs showed a drastically lower cell density illustrated by a 
significantly lower overall fluorescent intensity compared to plasma- 
treated NGCs. A more or less constant fluorescent intensity and there
fore a uniform cell distribution was observed along the homogeneously 
plasma-treated NGCs as no statistically significant difference between 
the average fluorescent densities of the 4 zones was detected. However, 
cell gradients towards increased surface oxygen contents were inter
estingly visualized on the NGCs subjected to a gradient plasma treat
ment. This was further corroborated by the gradually increasing 
fluorescent intensity values along the NGCs. These clear variations in 
cytocompatibility on the different NGCs highlighted the importance of 
plasma-induced oxygen-containing functionalities and subsequent 
enhanced wettability in enhancing cellular behaviors starting from the 
initial attachment. In fact, hydroxyl, carbonyl and carboxyl groups were 
previously shown to steadily bind proteins without affecting their nat
ural conformation [22,74]. The immobilized proteins serve as recogni
tion sites for cell receptors of which the integrin family playing a key 
role in the primary cell capture efficiency and cell attachment via the 
formation of focal adhesion complexes at the contact surface [26,45]. 
Since the surface of untreated NGCs contained considerably less polar 
groups and therefore less bioactive sites for protein adsorption, fewer 
receptors per cell end up attaching to the surface thus engendering small 
cell/surface contact areas. However, plasma-induced surface oxygen 
groups acted as glue fastening proteins on the surface thus recruiting a 
significantly increased number of cell receptors binding to the surface. 
This results in: 1) an enhanced adhesion of cells that firmly attached to 
and stretched out on the NGC surface and/or 2) an increased number of 
adhering cells. Since DNA assay results (Supporting information S2.3) 
revealed statistically unchanged DNA concentrations on untreated and 
plasma-treated NGCs at day 1 and 3 post-cell seeding, one can therefore 
conclude that the increased fluorescent intensity on treated NGCs was 
mainly due to a better cell adhesion (larger fluorescent cell areas) rather 
than higher cell numbers. Prabhakaran et al. have also perceived a 
considerably upgraded SC adhesion on air plasma-treated PCL nano
fibers compared to their untreated counterpart but also to PCL/collagen 
fibers, thus particularly pointing out the notable importance of plasma- 
induced oxygen functionalities [32]. At day 7 post-SC seeding, the 
heightened fluorescent intensity on plasma-treated NGCs could be also 
attributed to an enhanced cell proliferation. This is actually elucidated 
by the obtained Presto blue® and DNA assay results that indicated 
considerably higher metabolic activity and cell number on plasma- 
treated NGCs respectively (Supporting information S2.3). Actually, the 
formation of robust focal adhesion complexes on plasma-treated sur
faces leads to the phosphorylation of a focal adhesion kinase triggering 
several signal transduction pathways responsible for cell survival, pro
liferation and other vital cell functions [21,74]. However, the dimin
ished level of initial cell adhesion on untreated NGCs hampered the 
proper occurrence of subsequent cellular activities thus preventing cell 
proliferation as revealed by the statistically unchanged DNA concen
tration over the days. Several previous studies have indeed proven that 
plasma-incorporated oxygen-containing functionalities enhanced cell 
growth and proliferation in addition to their crucial role in promoting 
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Fig. 7. A) S100 immunofluorescent images of SCs on the full NGC length after 1, 3 and 7 days of culturing in the presence of 10 % FBS (scale bar: 1000 μm). B) Bar 
plots of the corresponding average fluorescent intensity in the NGC zones (*: statistically significant difference P ˂ 0.05). 
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cell adhesion [21,22,24,31,32]. Since a gradient distribution of oxygen 
groups was detected on PJ treated NGCs, protein adsorption increased 
gradually along this gradient, proportionally recruiting integrins and 
anchoring more and more focal adhesive complexes along the NGCs. 
This can explain how the density and/or area of SCs attached on the 
surface intensifies in parallel with the oxygen gradient. Since the surface 
roughness of the overall inner nanofibrous wall and its individual 
nanofibers did not change post-plasma treatments, one can be sure that 
the surface chemistry is solely behind the improved cell-material 
interactions. 

SCs were also cultured on the NGCs without the direct presence of 
FBS in the medium in order to elucidate whether they could sense 
similarly or differently the plasma-induced surface changes. Fig. 8 por
trays again the corresponding immunofluorescent images and average 
fluorescent intensity bar plots of each NGC zone acquired at day 1, 3 and 
7 of culturing. Cell adhesion occurring in an FBS-free medium was due to 
the prior adsorption of proteins on the NGCs during their immersion in 
FBS the night before cell seeding. Therefore, similar trends were 
detected on untreated versus plasma-treated NGCs as compared to the 
first set of in vitro tests in which FBS was present in the culturing me
dium. Nonetheless, regardless of the surface treatment, a higher overall 
fluorescent intensity was clearly visualized in the presence of FBS. This 
is due to the fact that proteins present in the serum continued to attach 
to the surface during cell culturing, anchoring more focal adhesion 
complexes and therefore further enhancing cell adhesion. A stagnation 
in the metabolic activity and DNA concentration was observed over the 
culturing days when an FBS-free medium was used (Supporting infor
mation S2.3). This suggests that the pre-adsorbed FBS proteins on the 
NGCs were not enough to maintain adequate cell growth and division. 
The extra direct interactions between cells and proteins provided by the 
FBS present in the medium were therefore essential for long term cell 
performances. 

When taking a closer look at the PJ-treated NGCs, some differences 
in the cell gradient distribution could be visualized at different culturing 
days on the one hand and in the presence or absence of FBS on the other 
hand. At day 1, the cell gradient was less pronounced when FBS was 
present in the medium. In fact, when FBS is present, statistically sig
nificant differences in the average fluorescent intensities were detected 
between zone 1 and zones 2, 3 and 4 and between zone 2 and zone 4 but 
not between zone 3 and zone 4. In the absence of FBS, statistically sig
nificant difference was additionally observed between zone 3 and zone 
4. This is presumably attributed to the extra amount of adsorbed pro
teins on the complete NGC in the presence of FBS, reducing the cell 
receptor ability to sense small differences in spatial ligand concentra
tions in the last 2 zones. The optimal amount of adsorbed proteins 
seemed to be already reached somewhere on the intermediate zones 
(Fig. 7). 

At day 3, the cell gradient in the presence of FBS became more 
prominent, while the cell gradient in the absence of FBS became 
considerably less pronounced when comparing to day 1. Statistically 
significant difference in the average fluorescent intensity is only 
observed between zone 1 and 3 when FBS is absent. In fact, after initial 
attachment, cells normally enter the lag-stage in which an adaptation to 
the surrounding microenvironment occurs [75]. The absence of FBS 
probably led to the perturbation of the cells in the lag-stage causing the 
partial loss of the gradient cell dispersion. In contrast, in the presence of 
FBS, cells most likely underwent the lag-stage more smoothly and 
rapidly. The steeper cell gradient illustrated by higher fluorescent in
tensities on zone 3 and 4 could be produced by 2 mechanisms: 1) a 
higher proliferation on the oxygen-rich end as a response to the better 
prior adhesion; 2) a directed cell migration towards higher surface ox
ygen content, hence higher adsorbed protein concentration. Nonethe
less, since the same DNA concentration was detected on the NGCs at 
days 1 and 3, one can conclude that the cell migration was mainly 
causing this pronounced gradient and not the cell proliferation. Some 
authors have indeed shown that cells tend to polarize unidirectionality 

on chemical gradients by redistributing their chemosensory signaling 
receptors and organelles towards higher ligand density side [36,76,77]. 
For instance, Warneken et al. and Arnold et al. have modulated the 
spatial distribution of integrins on the cell membrane leading to cell 
polarization after the implementation of defined surface peptide gradi
ents [78,79]. When the polarization persists in a unique direction owing 
to permanent gradient signaling, a contraction of cytoskeletal filaments 
pulls the cellular body towards the leading edge and cell migration oc
curs in succession. Moreover, cells on chemical gradients tend to attach 
more tightly at one end. The resulting imbalance in the adhesive forces 
can lead to the movement in the direction of the boosted adhesiveness 
[36,76]. Motta et al. have studied the migration of SCs on micro- 
engineered glass substrates tethered with laminin-derived peptide gra
dients and revealed that YIGSR peptide gradients directed SC migration 
but not RGD gradients [36]. Therefore, the simple plasma-induced ox
ygen gradient was shown to surpass some immobilized peptide gradients 
in stimulating SC chemotaxis. 

At day 7, an inverse gradient steepness is again detected. The cell 
gradient in the absence of FBS became more protruding when comparing 
to day 3 (Fig. 8). In fact, the average fluorescent intensities of zones 1, 2 
and 3 were statistically lower than that of zone 4. This is presumably 
associated with one or both of the following assumptions: 1) the cells on 
the low oxygen content zones did not manage to survive while more cells 
on the rich‑oxygen end stayed alive given their initial stronger adhesion 
and the presence of more proteins, 2) the surviving cells underwent a 
directional migration that was further facilitated by the initial lower 
adhesive forces compared to the tighter adhesion occurring in the 
presence of FBS. The cellular gradient was still clearly perceived in the 
presence of FBS where cells started to fully cover the oxygen-rich ex
tremity not leaving space for more cells to attach. The average fluores
cent intensity of zone 4 doubled when comparing to day 3. This was 
associated with an enhanced cell proliferation at the oxygen-rich end 
accompanying cell chemotaxis, since the DNA concentration signifi
cantly increased at day 7 compared to day 3. Therefore, a lateral accu
mulation of the proliferating and migrating cells started to be noticed on 
the intermediate zones. 

3.7.2. Morphological studies of SCs on different zones of the NGCs 
In addition to enhanced cell adhesion, proliferation and migration, 

SC morphology and directionality are two extra parameters playing a 
leading role in neurogenesis [37,80]. Therefore, individual S100 im
munostaining images of higher magnification were also acquired to 
closely visualize SCs cultured for 3 days without and with FBS on un
treated and plasma-treated NGCs (Figs. 9A and 10A). Fluorescent images 
of SCs cultured on the tissue culture plate (positive control) are shown in 
the supporting information (Fig. S5). ##The fluorescent images were 
complemented with SEM images for a more detailed scrutiny on how the 
cells were attached and shaped on the PA fibers (Figs. 9B and 10 B). A 
zone-specific analysis was only performed for PJ treated samples since 
untreated and DBD treated NGCs exhibited the same SC morphology and 
orientation over their full length. An arbitrary image of one of the 4 
zones is therefore only shown in case of untreated and homogeneously 
treated NGCs. Regardless of the presence and absence of FBS in the 
culture medium, SCs cultured on untreated NGCs remained rounded 
with very tiny body areas in close contact with PA fibers, thus indicating 
a poor cell adhesion. However, planar and completely spread out SCs 
were observed on plasma-treated NGCs: the homogeneous DBD treat
ment showed a relatively equal combination of star-like and spindle- 
shaped SCs while the PJ gradient treatment displayed different cell 
morphologies along the 4 zones. A higher occurrence of star-like and 
multi-polar radially spread out SCs were visualized on low oxygen 
content areas (zone 1). A gradual change to spindle-shaped bipolar 
morphologies befell towards areas of increasing oxygen contents. Zone 4 
showed therefore a higher incidence of aligned cells stretching out 
unidirectionally and overextending on longer distances. This qualitative 
visualization of different cell morphologies was quantitatively 
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Fig. 8. A) S100 immunofluorescent images of SCs on the full NGC length after 1, 3 and 7 days of culturing in the absence of FBS (scale bar: 1000 μm). B) Bar plots of 
the corresponding average fluorescent intensity in the NGC zones (*: statistically significant difference P ˂ 0.05). 
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confirmed by measuring the cell circularity on the 4 zones of the 
differently treated NGCs (Figs. 9C and 10C). In all cases, a higher value 
of cell circularity was detected on untreated NGCs which is an indication 
of more circular cells compared to the more elongated cells present on 
plasma-treated NGCs. In fact, the rare focal adhesive complexes that 
succeeded to form on untreated NGCs probably consisted of few anchor 
points leading to scarcely attached rounded cells. However, plasma- 
treated NGCs attracted more proteins to adsorb on their oxygen-rich 
surface leading to the creation of numerous focal adhesion sites with 
stable anchor points spreading out the cells on the surface. Many other 
cell types were previously shown to adopt similar morphologies on 
untreated versus plasma-treated electrospun fibers [21,22,81,82]. Both 
spindle-shaped and star-like morphologies adopted by SCs when 
spreading on plasma-treated NGCs could be linked back to the inner wall 
architecture made up of alternating bundles of aligned fibers and 
random fibers respectively. In fact, focal adhesion complexes were 

dispersed arbitrarily on the overlapping multidirectional random fibers 
ending up by the attachment of multipolar cells. However, aligned fibers 
are known to have a great ability in providing contact guidance aligning 
the cells. On the one hand, this is due to the aligned positioning of focal 
complexes on parallel fibers. On the other hand, traction forces are 
exerted on the cytoskeleton in the aligned fiber direction leading to 
protrusions and actin polymerization parallel to the fibers [83]. Gupta 
et al., Masaeli et al. and Idini et al. have indeed shown that SCs grown on 
aligned fibers exhibit a bipolar morphology oriented along the fiber 
direction, while SCs seeded on random fibers adopt a multipolar 
morphology [9,37,46]. The extra gradual elongation and orientation of 
cells perceived along PJ treated NGCs was driven by the oxygen 
gradient. MC3T3 osteoblasts were also seen to gradually change from a 
more circular shape to a more elongated shape along a peptide gradient 
[78,79]. This is due, as already mentioned, to the redistribution of the 
chemosensory receptors towards the high protein density end, 

Fig. 9. S100 immunofluorescent images (A; scale bar: 100 μm) and SEM images (B; scale bar: 50 μm) of SCs cultured for 3 days on untreated, DBD treated and 4 
zones of PJ treated NGCs in the presence of 10 % FBS. C) Corresponding SC circularity values on the 4 zones of untreated, DBD treated and PJ treated NGCs (*: 
statistically significant difference P < 0.05). 
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polarizing and aligning the cells. The synergistic influence of the aligned 
underlying fibers and the surface oxygen gradient accentuated the for
mation of SC columns mimicking the bands of Büngner formed during 
nerve regeneration. In fact, the bands of Büngner are composed of uni
directionally elongated SCs that selectively guide regrowing axons 
[37,80]. The presumed mechanism underlying their formation is the 
polarized expression of specific adhesion proteins on the SC axis, which 
is close to what takes place on gradient surfaces [84]. 

When comparing SCs cultured with and without FBS, some differ
ences in cell morphology and circularity could also be clearly perceived. 
In addition to the 3D ball-shaped cells observed on untreated NGCs in 
the absence of FBS, some star-like cells will small cell bodies were also 
attached when FBS was used. This was affirmed by the slightly lower 
averaged cell circularity value in presence of FBS. This was again due to 
the occurrence of more bioactive sites created by the extra proteins 
present in the FBS. In case of PJ treated NGCs, the elongation of SCs 

along the oxygen gradient was more pronounced when FBS is absent. 
Almost all cells became very elongated reaching a fibrous-like 
morphology on zone 4. Whereas, when FBS was present, few multi
polar and disoriented cells could still be observed on zone 4. This is 
presumably due to the lower spacing between adsorbed proteins on the 
NGC in the presence of FBS, reducing the cell ability to sense the dif
ferences between its back and front and therefore to better orient itself in 
the gradient direction. In fact, few authors have revealed that cells 
elongate themselves along gradient surfaces when the average distance 
between ligands is larger than a certain non-detectable small spacing 
[78,79]. Nonetheless, when taking a look at the overall cell circularity 
values, one can notice that statistically different values were only 
detected between zone 1 and 4 in the absence of FBS. More gradual and 
statistically significant changes in the cell circularity were detected in 
between the 4 zones in the presence of FBS. 

Finally, PC12 cells were cultured on SC pre-seeded NGCs to test their 

Fig. 10. S100 immunofluorescent images (A; scale bar: 100 μm) and SEM images (B; scale bar: 50 μm) of SCs cultured for 3 days on untreated, DBD treated and 4 
zones of PJ treated NGCs in the absence of FBS. C) Corresponding SC circularity values on the 4 zones of untreated, DBD treated and PJ treated NGCs (*: statistically 
significant difference P < 0.05). 
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potential in triggering neurite extension as a proof of concept. Neurite 
outgrowth was only detected on plasma-treated NGCs: DBD treated 
NGCs displayed relatively short neurites extending in multiple di
rections, while PJ treated NGCs showed gradually longer neurites 
mainly directed towards higher oxygen contents (Supporting informa
tion S2.6). 

4. Conclusion 

In the present study, PA NGCs were electrospun using fine-tuned 
process parameters producing an inner wall comprised of bundles of 
aligned fibers with random fibers in between and an outer wall fully 
composed of random fibers. The double-layered architecture was 
conceived in a simple one-step process to synergistically provide direc
tional cues guiding neurite extension and triggering SC elongation while 
allowing a sufficient nutrient supply. The NGCs were then subjected to 
different plasma treatments to promote the inner surface chemical 
properties for improved SC performances. Medium pressure Ar DBD 
treatment homogeneously increased the surface oxygen content from 17 
% to 28 %, thus highlighting the plasma ability to penetrate through the 
porous wall. Atmospheric pressure Ar PJ treatment created a gradient 
chemistry throughout the inner wall with an oxygen content gradually 
increasing from 21 % to 30 %. No fiber morphological and surface 
roughness variations or mechanical deterioration were detected post- 
plasma treatments. Enhanced SC-surface interactions were observed 
on plasma-treated NGCs compared to their untreated counterparts. A 
uniform cell distribution was visualized along the homogeneously 
plasma-treated NGCs. However, cell gradients towards increased surface 
oxygen contents were interestingly detected on the NGCs subjected to a 
gradient plasma treatment. With time, the cell gradient became steeper 
and more prominent owing mainly to a directed cell migration along the 
NGCs and to a better cell proliferation on the oxygen-rich end. SCs 
cultured on untreated NGCs remained rounded while planar and 
completely spread out SCs were observed on plasma-treated NGCs. A 
gradual change from a more circular shape to a more elongated shape 
was perceived along the oxygen gradient thus forming SC columns 
mimicking the natural bands of Büngner structure. Overall, it can be 
concluded that plasma-treated PA NGCs have a great potential in nerve 
tissue engineering applications. Particularly, a plasma-induced chemis
try gradient along the inner wall is believed to strongly enhance a 
directed and far-reaching nerve regeneration, thus paving the way to
wards critical nerve gap repair. A future translation from in vitro to in 
vivo tests will hopefully constitute a big step towards the clinical use of 
the conceived NGCs. 
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Hierarchical thermoplastic rippled nanostructures regulate schwann cell adhesion, 
morphology and spatial organization, Nanoscale 9 (39) (2017) 14861–14874. 

R. Ghobeira et al.                                                                                                                                                                                                                               

http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030203230671
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030203230671
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030203230671
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030203237704
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030203237704
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030203237704
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030203237704
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030203250721
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030203250721
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030203250721
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030203258202
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030203258202
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030203258202
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149299480
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149299480
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149299480
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149299480
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149299480
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149310697
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149310697
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149310697
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157075335
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157075335
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157075335
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157075335
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157116606
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157116606
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157116606
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157128748
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157128748
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157139080
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157139080
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157139080
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157182781
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157182781
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157182781
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157182781
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157291009
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157291009
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157291009
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157291009
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149318041
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149318041
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149318041
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157303166
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157303166
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157303166
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157316671
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157316671
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157316671
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157316671
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157326378
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157326378
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157326378
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149324990
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149324990
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149324990
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149547642
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149547642
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149547642
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030149547642
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157334954
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157334954
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157334954
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150027345
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150027345
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150027345
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150027345
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157394068
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157394068
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157394068
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150114560
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150114560
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150114560
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157404537
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157404537
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157404537
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030155320181
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030155320181
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157412683
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157412683
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157412683
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157421907
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157421907
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157421907
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150124546
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150124546
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150124546
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150124546
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150218472
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150218472
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150218472
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030155480304
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030155480304
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030155480304
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150361868
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150361868
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150361868
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150372775
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150372775
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157430379
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157430379
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157430379
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150485172
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150485172
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150485172
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030156411728
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030156411728
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030156411728
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150539382
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150539382
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150539382
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157591986
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157591986
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157591986
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030157591986
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150593194
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030150593194
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030151004664
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030151004664
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030151004664
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158058514
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158058514
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158058514
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030151057516
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030151057516
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030151057516
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030151057516
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030151309978
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030151309978
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030151309978
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158160111
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158160111
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158160111
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158167142
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158167142
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158167142
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158167142
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152072867
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152072867
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152137709
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152137709
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152137709
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152137709
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152146193
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152146193
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152146193
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152204769
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152204769
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152204769
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152276653
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152276653
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152276653
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152276653
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158173977
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158173977
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158173977
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158271449
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158271449
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030158271449
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152422253
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152422253
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152422253
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152422253
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152487931
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152487931
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152487931
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030152487931
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030153049355
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030153049355
http://refhub.elsevier.com/S2772-9508(22)00460-5/rf202211030153049355


Biomaterials Advances 143 (2022) 213183

22

[73] V. Brunetti, G. Maiorano, L. Rizzello, B. Sorce, S. Sabella, R. Cingolani, P. Pompa, 
Neurons sense nanoscale roughness with nanometer sensitivity, Proc. Natl. Acad. 
Sci. 107 (14) (2010) 6264–6269. 

[74] W. Liu, J.C. Zhan, Y. Su, T. Wu, C.C. Wu, S. Ramakrishna, X.M. Mo, S.S. Al-Deyab, 
M. El-Newehy, Effects of plasma treatment to nanofibers on initial cell adhesion 
and cell morphology, Colloids Surf. B Biointerfaces 113 (2014) 101–106. 

[75] A.M. Pappa, V. Karagkiozaki, S. Krol, S. Kassavetis, D. Konstantinou, C. Pitsalidis, 
L. Tzounis, N. Pliatsikas, S. Logothetidis, Oxygen-plasma-modified biomimetic 
nanofibrous scaffolds for enhanced compatibility of cardiovascular implants, 
Beilstein J. Nanotechnol. 6 (2015) 254–262. 

[76] J. Wu, Z. Mao, H. Tan, L. Han, T. Ren, C. Gao, Gradient biomaterials and their 
influences on cell migration, Interface Focus 2 (3) (2012) 337–355. 

[77] E.W. Chan, M.N. Yousaf, A photo-electroactive surface strategy for immobilizing 
ligands in patterns and gradients for studies of cell polarization, Mol. BioSyst. 4 (7) 
(2008) 746–753. 

[78] V.C. Hirschfeld-Warneken, M. Arnold, A. Cavalcanti-Adam, M. López-García, 
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