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Abstract

Abdominal hernia reparation constitutes the second surgical operation in the world with more than 20
million cases per year. However, in more than 50% of all intra-abdominal operations, postoperative
adhesions occur and result in important pain for patients. These adhesions take place after excessive
deposition of fibrin between peritoneum and organs within the 7 days after the operation which occurs
during the coagulation cascade. For this reason, therapeutic solutions are required to both prevent
adhesion and limit the need for a second surgical step. Numerous techniques were described in the past
few decades to design biomedical textile implants and, among them, electrospinning shows great interest
due to the porous and nanometer diameter range structure of the obtained fibers. In parallel, cold plasma

treatment can be used to activate and graft their surface with functional molecules, exhibiting for example
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antibacterial or anticoagulant properties. This work aims at functionalizing, biodegradable
polycaprolactone (PCL) electrospun nanofibers covering polypropylene meshes (PPM) with 2-
acrylamido-2-methylpropane sulfonic acid (AMPS) through cold plasma induced graft copolymerization.
AMPS was chosen as it contains heparin-like segments, leading potentially to similar anticoagulant effect.
First, electrospinning of PCL was optimized by varying process, solution and environmental parameters
and allowed to select a solution of 12% of PCL in formic/acetic acid mixture. The graft-copolymerization
of AMPS was then optimized in terms of power and time of plasma treatment, as well as solution
concentration, using experimental design, in order to obtain nanofibers rich in SOsH groups at their
surface. At each step of the process, the material was thoroughly characterized proving the presence of
AMPS onto the surface of the nanofibers. The cytocompatibility and anticoagulant properties, evaluated
after sterilization, are promising for an anti-adhesive application of these nanofibrous mats with no release

of cytotoxic compound.

Keywords: Electrospinning, cold plasma, surface modification, anticoagulant, abdominal repair

1. Introduction

Prevention of postoperative adhesions is one of the most important challenges in intra-abdominal
surgery. In inguinal hernia treatment, the surgical procedure consists in depositing a mesh inside the
hernia site in order to bring sufficient mechanical resistance and prevent recurrence of the hernia. After
surgery, the healing process leads to the coagulation cascade and therefore the formation of fibrin.
However, even if no fibrinolysis occurs seven days after the surgery, postoperative adhesions may appear
between the peritoneum and the abdominal layer. These postoperative side effects occur in more than 55%
of intra-abdominal operations and cause immediate chronic pain to the patients [1]. Two main strategies
are currently developed in order to prevent postoperative adhesions: use of immunomodulatory molecules

and deposition of mechanical barriers [2]. Regarding the concept of immunomodulation, several studies



deal with the use of interleukins (IL-1, 6 or 10) or also of antibodies (TGF-B; or TNF-a) as
immunosuppressors. Results show good prevention of adhesion formation on rat model. However, all
immunosuppressors are not able to limit the formation of adhesions area, as in the case of cyclosporin [3].
As far as we know, no study reveals that immunomodulatory agents show acceptable benefic/risk ratio in
adhesion prevention on human model. In terms of mechanical barriers for antiadhesive applications, many
investigations were carried out and therapeutic solutions were developed such as Intergel® [4], Seprafilm®
[5] or SprayGel® [6] among others [7]. However, all these prevention systems require an additional step
(deposition of film or gel) during the treatment of intra-abdominal surgeries. In this context, our strategy is
to develop an abdominal implant covered with a biodegradable and bioactive layer, providing mechanical
resistance for long-term healing and an anti-adhesive property to prevent postoperative adhesion. As
mentioned previously, adhesions result from an excess of fibrin and depend on the coagulation cascade. In
this sense, our hypothesis is based on the reduction of the coagulation cascade, leading hopefully to a
decrease of adhesions formation, and the anticoagulant property is thus the targeted bioactive property for
these implants.

Biodegradable polymers such as poly(lactic acid) (PLA) [8], poly(lactic-co-glycolic acid) (PLGA)
[9] or polycaprolactone (PCL) [10] are mainly used as biodegradable scaffolds [11] due to their variable
biodegradation rates and their excellent biocompatibility. As demonstrated by literature studies,
electrospinning of biodegradable polymers has gained great interest in the past few decades, particularly
due to the high porosity and high surface to volume ratio of the electrospun nanofibrous mats. The
previously mentioned biodegradable polymers can be electrospun directly on a polypropylene mesh
(PPM), and this approach is already used for repairing the inguinal hernia [12]. However, these polymers
do not exhibit any bioactive property (anti-infection, anti-coagulant, etc.). Therefore, it is necessary to

functionalize these polymeric nanofibers cover layer through an adequate surface treatment technique.

Cold plasma is known to be an efficient, ecofriendly and cost-effective surface treatment technique for

polymeric materials as it often leads to an increase in hydrophilicity and to the modification of the intimal



physicochemical properties of the treated surface [13,14]. In particular, cold plasma treatment of polymer
nanofibers has recently attracted increased attention [15]; almost half of the literature on this topic focuses
on biodegradable polymers, and more precisely, on PCL or PLA [16,17]. In general, the increase in
hydrophilicity [18] or hydrophobicity [19], the improvement of biocompatibility [16] or the addition of
bioactivity[20] to the nanofibrous mats is targeted when applying cold plasma treatment. Different
strategies are proposed such as polymer grafting [21,22], molecular grafting [23,24] or plasma-
polymerization [16,20].

In this study, low pressure cold plasma treatment was used in order to functionalize PPM covered
by PCL electrospun nanofibers with a sulfonated monomer. This functionalization was carried out in four
steps: (I) argon cold plasma activation; (II) immersion in monomer solution; (II) padding and (IV) cold
plasma graft-copolymerization of the monomer onto the surface of the nanofibers. First, acrylic acid
grafting was used as a reference in order to prove the feasibility of the concept. Then, the grafting of 2-
acrylamido-2-methylpropane sulfonic acid (AMPS) (as anticoagulant monomer) was optimized thanks to
an experimental design. After sterilization, biological properties, such as cytocompatibility and

anticoagulant activity, were assessed for optimized grafted samples.

II. Materials and methods

1. Materials

Polycaprolactone (PCL) (average Mn~80,000 g.mol™), 2-acrylamido-2-methyl-1-propanesulfonic
acid (AMPS), formic acid (95-97%), chloroform (CHCl;), dichloromethane (DCM) and
dimethylformamide (DMF) were purchased from Aldrich Chemicals (Saint Quentin Fallavier, France).
Acrylic acid (AA) (99.5%) was purchased from Acros Organics (Illkirch, France) and glacial acetic acid
(>99.8%) from Honeywell (Seelze, Germany). All these compounds were used without any further
purification. Polypropylene meshes (PPM) (porosity of 73 + 1%, thickness of 0.25 + 0.13 mm and mass
per unit area of 32 + 4 g/m?) were kindly provided by Cousin Biotech (Wervicq-Sud, France) and were

washed by soxhlet extraction (ethanol, water and ethanol successively).



2. Methods

2.1.Electrospinning of PCL

PCL at different concentrations (7 to 12wt%) was added to 10 mL of formic acid/acetic acid
mixture in various proportions (1:9 to 5:5 v/v) and solutions were stirred for 6 h to ensure homogeneity.
The solution was injected in a needle of 8723 0.514 mm (21-G) inner diameter via a 10 mL
polypropylene syringe at a controlled flow rate (between 0.5 and 1.5 mL.h"). All solutions were
electrospun thanks to a homemade electrospinning apparatus and nanofibers were deposited on a rotating
drum collector covered by PPM tapped on an aluminum foil and-thePPM. The distance between the
needle and the collector was fixed at 20 cm and the voltage was set between 13 and 16 kV depending on
solution and environmental conditions thanks to high voltage supplier. Electrospinning process was
performed on both sides of the PPM in order to enhance the adhesion of the nanofibers and the mesh. In
that purpose, a first electrospinning step was carried out onto PPM and then, the obtained membrane was
flipped and a second electrospinning step was carried out onto the other face. Humidity and temperature
were not controlled during electrospinning but were measured in order to evaluate the effect of these

parameters.

2.2 Functionalization of PCL electrospun fibers by cold plasma

Samples (3 x 3 cm?) were cut from membranes composed of two layers of PCL electrospun fibers
and one inner layer of PPM. Samples were then placed (being held with a clamp) in a low-pressure plasma
chamber (Europlasma apparatus CDI1200-400 COMBI MC, Radio Frequency Generator Dressler, 13.56
MHz) and the pressure was set down to 50 mbar. Argon flow rate, power and plasma duration were varied
in order to modify the surface wettability of the membranes. At the end of the treatment, the plasma
chamber was filled with dry and de-oiled air for 30 seconds. Samples were then immersed in the monomer
solution, either AA/water or AMPS/water in different proportions, for 5 seconds and, after a padding
process, were placed once again in the plasma chamber. As for the first plasma treatment, the three

different parameters were varied in order to optimize the graft-copolymerization of the monomer onto the



surface of the membranes. An experimental design was set up to determine the optimized parameters
leading to a homogeneous and reproducible grafting. Finally, samples were washed in a 200 mL distilled
water bath and dried under vacuum in an oven at 40°C for 8 h. The entire procedure is described in Figure
1. It is important to note that both sides of the samples were treated identically, leading to similar grafting,

and so properties, of each side of the scaffold.

Figure 1: Summary diagram of the entire functionalization process

2.3.Experimental design of AMPS grafting

To determine the plasma treatment conditions leading to the optimum AMPS grafting,
experimental design was implemented using response surface methodology (RSM). The influence of three
main process parameters was studied: the power and duration of plasma treatment and the AMPS
concentration used for the grafting step. A central composite design (CCD), consisting of 17 experiments
was performed and was composed as follows:
- the first 8 experiments correspond to a 2" full factorial design, k being the number of studied variables (3
in this experimental design),
- the following 6 experiments (2xk) are axial points at a distance of a=1.68 from the design center,
- and finally, 3 experiments being replicates of the center point.

Experiments were conducted randomly to provide protection against the extraneous factors, which
could affect the measured response. For statistical calculations, the variables Ui were coded as Xi
according to (Equation 1):

v, -u,)

1

AU

i=

(Equation 1)

where X; is the dimensionless coded value of U; variable, Uy represents the value of U; at the center point

and AU is the step change.



The experimental values associated to the coded levels of the different variables are given in
Table 1.
The quadratic model for predicting the optimal conditions was expressed according to (Equation 2):
n n n 2
Y =,30 +ZlBiXi +Z:3inin +ZﬂiiXi
i=1 i<j i=1
(Equation 2)
where Y is the considered response variable, Bois the value of the fitted response at the center point, B, Bi

and P correspond to the linear, quadratic and interaction terms respectively.

Table 1: Coded and real values of experimental parameters used for the CCD

Coded Parameter Levels
variables -al -1 0 +1 +a
X1 U, plasma power (W) 50 70 100 130 150
Xz Uy, time of plasma treatment (s) 60 80 100 140 160
X Us, AMPS concentration (g, water gsp 10g) 1 1.4 2 2.6 3

2.4.Scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX)
The morphology and diameters of the nanofibers were analyzed before and after each processing
step using a SEM Flexsem 1000 Hitachi with an accelerating voltage of 5 kV and an emission current of
10 pA. EDX analysis was carried out with the same apparatus in the same conditions. All the samples

were carbon coated with a 20 nm layer. The average diameter of the nanofibers was evaluated by ImageJ

software, taking into account the metallization thickness.

2.5.Water contact angle analysis

The change in the surface wettability of the nanofibers after plasma treatment was determined by

measuring the evolution of the contact angle of a water droplet (3 uL) deposited directly onto the sample



and was analyzed thanks to a Minitec Kriiss DSA 100 goniometer. The temperature during the analysis

was 20 £ 1°C and all measurements were done in triplicate.

2.6.Toluidine blue O (TBO) assays

In the case of acrylic acid grafting, the amount of carboxylic groups onto the surface of the
nanofibers (expressed in pmol of COOH groups per cm? of sample) was determined thanks to a
colorimetric assay, already described in a previous paper of the laboratory [25], allowing to quantify the
grafting efficiency. Briefly, grafted and ungrafted samples were immersed in 20 mL of a TBO solution
and stabilized at pH 10 for 4h under stirring at ambient temperature. Then, samples were rinsed in NaOH
solution (0.1 M) in order to remove uncomplexed TBO and membranes were immersed in an acetic acid
solution (50%) in order to allow the desorption of TBO. Finally, the solutions obtained were analyzed by
UV spectrophotometry (UV-1800 Shimadzu spectrometer) at 634 nm. The amount of adsorbed TBO was

finally correlated to the grafting amount of carboxylic functions according to Beer Lambert law.

2.7.In vitro biological assays
All in vitro experiments were performed in triplicate on gamma-sterilized samples (40 kGy) and
are described hereafter. Mean cell proliferation and coagulation results were analyzed by ANOVA, and a

significant difference was considered for p<0.05.

2.7.1. Invitro cell viability by indirect contact
PPM disks of 11 mm diameter, covered by PCL nanofibers, functionalized or not, were extracted
in complete culture medium according to ISO 10993-5 (6 cm?/mL) for 24h and 72h at 37°C under 80 rpm
agitation. Simultaneously, NIH/3T3 fibroblast cells (ATCC® CRL-1658) were seeded in 96 well tissue
culture plate filled with 100 uL of complete culture medium at 4.0 x 10° cells per well. After 24h, the
extraction medium was filtered through 0.22 um sterile filters (PB Acrodisc®; PALL, France) for
sterilization. After culture medium removal from the tissue culture plate, sterile extraction medium was

put into contact with NIH/3T3 fibroblasts monolayer for 72h at 37°C. After incubation, cellular medium



was removed and replaced by a solution composed of 180 uL of complete culture medium and 20 uL of
AlamarBlue® for 2h in an incubator protected from light. Then, 150 uL of this solution were withdrawn to
analyze the fluorescence intensity at a wavelength of 590 nm (emission) on a TwinkleTMLB 970

fluorometer. Obtained results were normalized to the negative controls (the complete culture medium).

2.7.2. Invitro cell viability by direct contact

Cell viability assessments by direct contact were performed in accordance with a previous study
of the laboratory [26]. Briefly, PPM disks covered by PCL nanofibers, functionalized or not, were placed
in 48-well plate and cells (4000 cells x cm™) were gently seeded onto these disks and incubated for 3 and
6 days without any modification of the culture medium. Similarly to indirect contact assays, the culture
medium was then replaced by a new culture medium containing AlamarBlue®. After 2h of incubation

protected from light, these media were analyzed by fluorometry as for indirect contact.

2.7.3. Invitro anticoagulation assays

According to ISO 10993-4 standard, PPM disks of 11 mm diameter, covered by functionalized or
non-functionalized nanofibers, were immersed in complete blood, donated by healthy volunteer young
adult via citrated tubes. This complete blood, in contact with the different samples, was incubated at 37°C
for 30 minutes, shaked at 80 rpm and then centrifuged at 2,500 g at 14°C for 15 minutes in order to
separate the blood cells from poor platelet plasma (PPP). Three coagulation tests were then carried out
with collected PPP: (1) Activated partial thromboplastin time (APTT) test, in which 50 uL. of PPP were
incubated at 37°C for 1 minute, mixed with 50 uL of TriniCLOT™ aPTT HS, Tcoag® (TCA) reactant,
incubated for 5 minutes and finally coagulation time was measured after addition of 100 pL of CaCl,
(0.025 mol.mL™"); (2) Prothrombin time (PT) test, in which 100 uL of PPP were incubated at 37°C for 2
minutes, mixed with 200 pL of NEOPLATINE® (Diagnostica Stago, Inc.) (incubated for 10 minutes at
37°C) and the coagulation time was then measured; and (3) anti-Xa test, following the manufacturer
protocol (HYPHEN BioMed) [27]. For each experiment, 1, 2 and 3 disks of each sample were tested

independently in order to determine the influence of active surface area on the anticoagulant effect.



2.7.4. Invitro hemolysis assays

PPM disks of 11 mm diameter, covered by nanofibers, functionalized by AMPS or not, were
immersed in 1 mL of complete human blood from healthy donor. Samples were incubated at 37°C for 30
min, shacked at 80 rpm and the disks were then removed. Triton X-100 (Thermo Scientific™) in 0.9%
(w/v) NaCl solution was used as positive control (100% lysis) and 0.9% (w/v) NaCl solution was used as
negative control (0% lysis). 0.9% (w/v) NaCl solution was added to each tube of blood with samples in
order to obtain a blood concentration of 5 mg.mL". Finally, the blood solutions were centrifugated at
2,500 g for 10 min, and the supernatants were analyzed by UV-vis spectroscopy at 540 nm in order to

detect hemoglobin.

III. Results and discussion

1. Electrospinning of PCL on PPM

Figure 2: SEM images of nanofibrous membranes with different PCL concentrations and formic/acetic acid ratios (Experimental

conditions: RH = 30%, T = 25°C, V = 13- 16 kV, flow rate = 0.5 mL.h”', distance tip to collector = 20 cm).

Electrospinning parameters of PCL were optimized by focusing first on the solvent nature. In the
literature, organic solvents are mainly used for PCL electrospinning. First, PCL was electrospun in CHCI3
and in a mixture of DCM/DMF (4/6) at concentrations of 8% and 12% respectively. Specific structures
such as porous nanofibers with high diameters and dispersion were observed. This was already described
in the literature as a consequence of the relative humidity and temperature [28]. Indeed, in our case, the
relative humidity varied between 30 and 50% and the temperature between 19 and 21°C. In these
conditions, some water droplets may percolate inside the jet during solvent evaporation and create porous
nanofiber structures. Besides, the high humidity level may inhibit solvent evaporation during the time of
flight of the jet and cause a high dispersion of the nanofibers diameters. Moreover, organic solvents
exhibit some toxicity and should be avoided in the case of biomedical applications. As an alternative to

organic solvents, Liverani et al. studied the use of acidic solvents for the electrospinning of PCL [29]. A
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mixture of acetic acid and formic acid was thus tested. Figure 2 shows an increase in the amount and the
size of beads with the decrease in formic acid concentration as well as with the decrease of PCL
concentration. These results prove that the adequate combination of concentrations leads to the formation
of defect-free nanofibers. The following concentrations were considered for further investigations: 12 wt%
PCL in 5/5 formic/acetic acid. Besides solution parameters, process and environmental conditions were
optimized in order to obtain defect-free nanofibrous mats. In this sense, the two parameters significantly
affecting the morphology of the mats were relative humidity (RH) and flow rate. SEM pictures of the
nanofibers at various RH levels or flow rates are given in Figure 3. It is shown that an increase in
humidity during electrospinning process leads to the formation of a film with fewer nanofibers. This
phenomenon is due to the fact that, under very wet conditions, solvent cannot evaporate correctly and
nanofibers deposited on the collector are not totally dry. Indeed, if there is too much humidity in the
electrospinning chamber, the acid raises the vapor pressure faster than for low humidity and thus, there is
too much remaining solvent in the nanofibers at the deposition instant which causes the partial
solubilization of these fibers. In parallel, an increase of the flow rate could be balanced by an increase of
the voltage. However, for a too high voltage, the jet is less stable, and some beads are created, as can be
seen in the lower part of Figure 3.

Figure 3: SEM images of the morphology of PCL nanofibers depending on relative humidity and flow rate. For each flow rate the

humidity was about 30 £2 %, and for each humidity rate, the flow rate was fixed at 0,5 mL/h.

Hence, for all experiments described thereafter, the PCL mats are obtained by electrospinning
onto the PPM with the following conditions: 12%wt of PCL in formic/acetic acid (5:5) at 1 mL/h and with

a RH lower than 40% and a temperature between 20 and 25°C.

2. Cold plasma treatment of PCL covered PPM

2.1.Hydrophilicity enhancement

The first cold plasma treatment is carried out in order to increase the hydrophilicity of PCL
nanofibers. Indeed, as observed in Figure 4A, the water contact angle (WCA) of untreated PCL
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nanofibers is 138 + 2°, showing that electrospun mats are highly hydrophobic. Several conditions of
plasma treatment were carried out on nanofibrous membranes in order to determine the effect on the
morphology and the hydrophilicity of mats. The following parameters were varied: the duration, the
power and the argon flow rate of plasma treatment. The first observation is that the morphology and the
diameter of the nanofibers (Figure 4B and C) are not significantly affected by the plasma treatment,
whatever the conditions (Figure 4D). Additionally, WCA measurements were performed in order to
quantify the increase of hydrophilicity of the nanofibers. It is important to note that all the plasma treated
nanofibrous mats adsorb, more or less quickly, the water drop. This phenomenon is due to the high
porosity of the samples, which, combined with the increase in hydrophilicity, leads to the penetration of
the water drop inside the mats. Moreover, the cold plasma treatment is known to act on the porosity of the
treated materials and so, in our case, allows a diffusion of the water directly into the nanofibers. Thus, the
increase in hydrophilicity of the nanofibers mats was not measurable by WCA. However, the time of drop
adsorption depends on the plasma conditions. In particular, the modification of the plasma treatment
duration leads to an important change in the adsorption time of the drop. As shown in Figure 5, if the
plasma treatment time is longer than 200 s (for a plasma power around 100 W and a flow rate of argon of
15 scem (standard cubic centimeter per minute)), the water drop is adsorbed instantly. The hydrophilicity
of this kind of plasma treatment was not stable in the time. Indeed, after few hours, surface functions
created by plasma treatment started to reorganize and the hydrophilicity of the samples decreased rapidly.
After one day, the surface of the samples exhibits equivalent hydrophobicity to the untreated samples.

Figure 4: A: Image of WCA on PCL nanofibers before plasma treatment; B: SEM image of untreated nanofibers; C: SEM image

of plasma treated nanofibers in conditions 9; D: Evolution of nanofibers diameter depending on cold plasma conditions given in

the table (red: lower conditions; black: middle conditions and green: higher conditions)

Figure 5: Influence of plasma treatment time of nanofibrous mats on the adsorption time of the water drop (power = 100 W and

flow rate of argon = 15 sccm)
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2.2.Acrylic acid grafting

The functionalization of PCL nanofibers was first carried out with acrylic acid as reference.
Indeed, acrylic acid is known to well graft-copolymerize by cold plasma [30]. The procedure was carried
out in three steps: firstly, nanofibers were treated by cold plasma in the conditions determined previously
(P =100 W; t = 200 s and flow rate = 15 sccm). Then, the plasma treated nanofibrous mats were
immersed in a solution of acrylic acid (AA) in water (20% v/v) for 5 seconds followed by a padding step
in order to remove the excess of AA. Finally, the second plasma treatment was performed in order to graft
and copolymerize AA onto the nanofibers. Figure 6 shows the SEM images of the morphology of the
nanofibers after each step of the process. It can be seen that the nanofibers diameter is strongly increased
after the grafting process, even after a washing step in water (Figure 6C). In order to understand which
step of the procedure is mainly responsible for this phenomenon, additional investigations were carried
out. First, the washing time was raised from 3 to 48 hours and no modification of the morphology of the
nanofibers was observed, meaning that the non-grafted AA was totally removed after 3 hours of washing.
In parallel, the whole process was performed with water instead of acrylic acid to determine if the increase
in diameter is due to AA or to the process. The nanofibers’ morphology was studied after each step and
results are presented in Figure 7. An important swelling of the nanofibers is observed after the first cold
plasma treatment followed by water immersion (Figure 7B) and for the whole process in water (Figure
7D). However, a much lower swelling is observed for the nanofibers immersed in water (Figure 7A) and
for the samples immersed in water followed by the second plasma process (Figure 7C) i.e. for
experimental conditions without the first cold plasma treatment.
Figure 6: SEM images of the nanofibers after different steps of the grafting process (with acrylic acid). A: after first cold plasma

treatment; B: after first cold plasma, immersion in AA and second cold plasma treatment; C: after first cold plasma, immersion in

AA, second cold plasma treatment and 3h washing in water.

Figure 7: SEM images of nanofibers after each step of the process in water (A: Immersion in water without first and second
plasma treatment; B: immersion after first plasma treatment; C: immersion followed by second plasma treatment and D: whole

process in water).
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These results allow to conclude that the nanofibers swelling is not due to the use of AA or to the grafting
step. On the contrary, the first plasma treatment has a decisive role in the nanofibers swelling and this
phenomenon can be explained by the increase in absorption properties, as demonstrated previously in
Figure 5. Indeed, plasma treatment leads to an increase in nanofibers peresity roughness and degradation,
which allows water penetration and causes a swelling of the fibers. It is also important to note that, no
swelling of the nanofibers was observed between the Figure 7A and Figure 7C which means that the
second plasma treatment did not lead to a swelling of the fibers. However, an increase of the nanofibers
diameter between Figure 7B and Figure 7D can be observed, thus implying that the second plasma has an
effect on the swelling of the nanofibers. An hypothesis is that the first plasma treatment weakened the
nanofibers and lead to the permeation to the water while the second plasma causse a second weakening of
fibers and water inside fibers generates a higher swelling. Therefore, the first plasma treatment conditions
must be adjusted in order to increase the nanofibers hydrophilicity while preventing nanofibers swelling.
The following set of cold plasma parameters for the first treatment was used: P = 50 W, t = 80 s, flow rate
= 15 sccm. Thus, all the process was then carried out in acrylic acid solution (2/8 AA:water) and the
grafting of AA onto PCL nanofibers was then characterized by colorimetric TBO assay (Figure 8).
Figure 8: SEM images of nanofibers before (A) and after (B) the grafting of acrylic acid by plasma process and amount of COOH
groups at the nanofibers surface determined through TBO assay

TBO adsorption results demonstrate that acrylic acid is successfully grafted on PCL nanofibers,
even after the washing step. Moreover, the washing time does not affect significantly the amount of
COOH functions onto the surface of the nanofibers, and therefore the grafting efficiency of acrylic acid.
However, a minimum washing time (1h) is required to remove ungrafted acrylic acid, otherwise, a film (as

on Figure 6B) is observed at the surface of the sample.

All these results showed the influence of each step of the process on the grafting of acrylic acid
onto PCL nanofibers. The feasibility of the plasma grafting onto PCL nanofibers having been

demonstrated, the protocol must now be adapted to the grafting of AMPS onto nanofibers.
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2.3.0ptimization of AMPS grafting

Some preliminary experiments were carried out before the optimization of AMPS grafting
through experimental design methodology. First, the cold plasma treatment for surface activation was
optimized in order to determine its effect on the resulting nanofibers morphology. In this sense, two sets of
cold plasma conditions were tested for this activation step: Piow (P =50 W, t = 80 s, flow rate = 15 sccm)
and Puign (P =90 W, t = 120 s, flow rate = 15 sccm). Treated membranes were then immersed in AMPS
solution whose concentration was varied (AMPS/water 1:9, 2:8 and 3:7) to determine the effect on
nanofibers morphology. Finally, impregnated samples were submitted to the second cold plasma treatment
in constant conditions (P =50 W, t = 80 s, flow rate = 15 sccm) in order to study only the effect of the first
plasma treatment conditions. Results given in Table 2 show that, as for acrylic acid, an increase in plasma
power and duration and an increase in AMPS solution concentration lead to an increase in nanofibers
swelling.

Table 2: Nanofibers morphology according to the first cold plasma treatment conditions and according to the AMPS solution

concentration

AMPS/water 1:9 AMPS/water 2:8 AMPS/water 3:7

Plow

Phigh
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Thus, the Piow first plasma treatment conditions were chosen in order to maintain the nanofibrous
structure. In addition, X-ray spectroscopy was performed on the plasma sample treated with AMPS and
the EDX spectrum (Figure 9) exhibits a peak at 2.15 keV, corresponding to sulfur, confirming the

presence of AMPS onto the nanofibres (this peak was not observed for the untreated sample).
Figure 9: EDX spectrum of AMPS plasma grafted PCL nanofibers

These preliminary results show that AMPS is properly grafted onto the nanofibrous membrane
even after a 1 h washing step. However, the second plasma treatment conditions, as well as the
concentration of AMPS in the immersion solution must be optimized in order to obtain the best
morphology for the AMPS grafted sample. That is why surface response methodology was applied to the

plasma grafting step.

The quality of AMPS grafting after the plasma treatment has been taken as the response in the
composite design. To quantify precisely this criterion, the nanofibers morphology after grafting was
analyzed by SEM and a classification from 0 (homogeneous distribution of polymer coating onto the
nanofibers without aggregates) to 4 (samples without grafting) was established (Figure 10).

The experimental conditions (Ui) applied for the 17 experiments and the experimental results obtained for
the grafting (Y) are shown in Table 3. For each experiment, the response corresponds to the average of 3

measurements.

Figure 10: Classification of AMPS grafting quality

Table 3: CCD in coded and real values with the corresponding experimental results obtained in terms of grafting

Experiments X1 X2 X3 U1l U2 U3 Grafting
quality (Y)

1 -1 -1 -1 70 80 1.4 0.17
2 +1 -1 -1 130 80 1.4 0.33
3 -1 +1 -1 70 140 1.4 1.33
4 +1 +1 -1 130 140 1.4 1.5
5 -1 -1 +1 70 80 2.6 1.33
6 +1 -1 +1 130 80 2.6 1

7 -1 +1 +1 70 140 2.6 1
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8 +1 +1 +1 130 140 2.6 1

9 -ol 0 0 50 110 2 0.17
10 +a 0 0 150 110 2 0.25
11 0 -al 0 100 60 2 0.67
12 0 +o 0 100 160 2 0.67
13 0 0 -0 100 110 1 0.33
14 0 0 +0 100 110 3 1

15 0 0 0 100 110 2 0.63
16 0 0 0 100 110 2 0.63
17 0 0 0 100 110 2 0.63

The statistical significance of the main, quadratic and interaction effects of the variables was
determined by analysis of variance (ANOVA) and a multiple regression analysis was performed to fit the
experimental data to the second-order polynomial equation ((Equation 2).

The determination coefficients R* and R* agjuseea describe respectively the fraction of variation of the
response explained by the model and the fraction of variation of the response explained by the model
adjusted for degrees of freedom. The coefficient of prediction, Q% describes the fraction of variation of the
response that can be predicted by the model.

When the 17 experiments are considered, the determination coefficient is low (R? = 69%). To improve the
statistical significance of the model, experiments 11 and 12 were removed from the composite design as
they did not fit well with the model. These experiments correspond respectively to the shortest (60 s) and
longest (160 s) processing times, suggesting that the grafting efficiency is strongly modified when the
time of plasma treatment is significantly reduced or extended. After the removal of these two experiments,
R? is now equal to 98.8%, indicating that less than 2% of the total variation is not explained by the model.
The value of the adjusted determination coefficient is also high (R* agjusea = 96.6%), showing a high
significance of the model. Moreover, the quality of the grafting is well predicted by the model with a
coefficient of prediction (Q?) equal to 80.3%.

After checking the reliability of the model, the significance of the different model terms can be discussed.

Their values are listed in Table 4.
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Table 4: Main, quadratic and interactions coefficients of the model determined with Modde7.0

Coefficients Grafting quality
Bo 0.63
B1 0.010
B2 0.25
B3 0.156
B -0.151
B2 0.466
B33 0.013
Bi2 0.043
Bi3 -0.083
P23 -0.333

Among the different main and quadratic effects, 2 and P2» terms have the highest value. Thus, within the
ranges tested, the grafting is strongly affected by a change in the duration of the plasma treatment
(parameter X2). Moreover, these terms being positive, it means that an increase in plasma treatment
duration leads to an increase in the response. As the value of the grafting quality (Y) has to be as close to 0
as possible, the plasma treatment duration must be minimized. However, it was shown previously that the
duration of this treatment should be higher than 80 s to fulfill the statistical criteria. Thus, the response
surface was plotted for a time ranging from 80 to 140 s (Figure 11). This figure allows confirming that the
lowest responses are obtained when the time is low, more precisely between 80 and 100 s. Thus, this
parameter was set at 90 s.

Figure 11: A: Contour plot showing the evolution of the grafting as a function of AMPS concentration and plasma treatment time

for a constant power of 90 W; B: Contour plot showing the evolution of the grafting as a function of AMPS concentration and

plasma treatment power for a constant time of 90 s

Then, the third variable corresponding to the monomer concentration is characterized by an
important main coefficient (B3) and also a strong interaction with plasma duration (high P23 in absolute
value). Thus, this parameter has to be considered for the grafting optimization. Figure 11A shows that the

lowest results are obtained for low concentrations of AMPS. More precisely it can be observed that
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responses lower than 0.2 can be obtained for an AMPS concentration ranging from 1 to 1.2, combined
with a treatment time between 80 and 100 s. Thus, AMPS concentration was set at 1.1.

Finally, the main coefficient associated to the first variable (i.e. B1) as well as the interaction
coefficients containing parameter X1 (i.e. Bi2 and Bi3) are very low, meaning that the grafting is very little
affected by a change in the plasma power. Figure 11B allows confirming this statement, showing that for
a given AMPS concentration and a given time of plasma treatment, the response remains almost constant
whatever the plasma power. In the previously selected conditions (plasma duration of 90 s and AMPS
concentration of 1.1), the response is always lower than 0.15. So, for economical and practical reasons, the
power has been set at 90 W.

Thus, the conditions allowing to optimize the grafting were determined as follows: 90 s of plasma
treatment at 90 W, with an AMPS concentration of 1.1. In these conditions, the value of the grafting
predicted by the model is around 0.08. The morphology of the nanofibers after grafting in the optimized
conditions was analyzed by SEM (Figure 12). The membrane exhibits a nanofibrous structure without
aggregates allowing validating the experimental design method.

Then the biological properties of the grafted samples in the optimized conditions were studied. In
parallel, maximal conditions of grafting (P = 150 W, T = 160 s, conc. = 3/7 AMPS:water, w/v) were also

applied in order to compare the biological properties obtained with the two sets of parameters.

Figure 12: SEM image of the grafted sample in the optimized conditions (90 W, 90 s, 1.1 g AMPS)

3. Biological assessments

3.1.Cellular viability test

The untreated and plasma grafted samples in optimal and maximal conditions were evaluated by
indirect contact cellular viability test on NIH/3T3 cells (Figure 13A). First of all, these results show that
all the treated and untreated samples do not release any cytotoxic compound after 24 h and 72 h

extraction. However, in order to prove the cytocompatibility of PPM-PCL grafted materials, direct contact
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assay is assessed. NIH/3T3 cells were directly put into contact with the membranes, for 3 and 6 days, and

results are presented on Figure 13B.

The untreated sample (PP-PCL) shows a proliferation of 66 + 8% after 3 days of culture compared
to the control (TCPS). However, the proliferation increases after 6 days of culture (84 + 10%), that reveals
a slightly more intense metabolic activity of the cells developed onto this sample. This lower proliferation
could be explained by the hydrophobicity of PP-PCL highlighted previously (Figure 4A). After the
functionalization process, the proliferation decreases to 55 + 10% and 45 + 8% after 3 days of culture for
Optimal and Maximal conditions respectively. This decrease could be explained by the surface charge
density (due to grafted functions), inducing a local pH reduction as already discussed in a previous
paper[25]. In the same way as for PP-PCL sample, the proliferation increases after 6 days of testing,

showing that the low proliferation is due to a delay in cell growth and not to a cytotoxic effect.

One of the requirements of the nanofibers covered PPM used for hernia-repair applications is to
avoid the postoperative adhesions, occurring by excessive fibrin deposition within 7 days after surgery. In
this sense, a limited cell proliferation on the membranes is clearly helpful to prevent the deposition of
fibroblasts provided that any toxicity is observed, as evidenced here by the constant cell viability with
time. Finally, another noticeable phenomenon is that cell viability for optimal samples is significantly
higher than for maximal samples after 3 days of contact (p<0.05). However, this tendency is not observed
after 6 days of contact (no significant difference in ANOVA for p<0.05). Thus, the selection of the best

candidates for future in vivo studies is far from obvious if only cell viability results are considered.

Figure 13: A: NIH3T3 cells viability after 24 and 72 h contact with cellular medium (control) or extraction medium of untreated
PP-PCL or plasma grafted samples in optimal and maximal plasma conditions; B: NIH3T3 cells viability after 3 and 6 days
contact with TCPS (control), PP-PCL, plasma grafted samples in optimal and maximal plasma conditions. * p<0.05
3.2.Coagulation test
In order to prove the efficiency of the AMPS grafting via its anticoagulant activity, the samples

were tested through three in vitro assays in contact with whole blood. The coagulation time of blood was
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evaluated by immersion of 1, 2 and 3 samples disks respectively, and the results are reported in Figure 14.
As expected, similar behavior is observed for control (blood alone) and for blood-soaked PCL-PPM
(reference as non-anticoagulant surfaces). Except for 1 disk of optimal treated samples, all other groups
show anticoagulant activity with an average APTT longer than 40 s. Moreover, the increase in the number
of disks (2 or 3 disks) of maximal or optimal conditions samples in the immersion medium leads to a
higher anticoagulant activity (average APTT of around 65 s), comparable to that of 0.5 unit of heparin,
without any significant difference between maximal and optimal conditions samples (if the same number
of disks is considered) (p>0.05). Interestingly, there is a significant difference in anticoagulant activity
between 1 disk (760 mm? of active surface area) of optimal or maximal samples and 2 or 3 disks,
suggesting a dose-dependent activity for the grafted surface. Finally, the results of hemolysis assays show
that no significant absorbance peak relative to hemoglobin (540 nm) is observed on UV spectra for the
samples, whatever the number of blood-soaked disks. These results are particularly promising to reach a

good hemocompatibility of the grafted samples.

Overall, beyond the cytocompatibility and the hemocompatibility, these AMPS grafted nanofibres
exhibit an interesting anticoagulant effect when a minimum grafted surface area is used. As described
previously, cascade coagulation plays a key role in adhesion phenomenon, and so, by delaying the clotting
cascade, adhesion could be efficiently limited. In this sense, these AMPS grafted PCL nanofibers are
promising candidates for the limitation of postoperative adhesions for hernia repair.

Figure 14: Coagulation time of healthy blood on TCPS (control) with or without 0.5 unit of heparin and on various numbers of

disks of PPM covered by PCL nanofibers functionalized (optimal and maximal) or not (reference); 1 disk, 2 disks and 3 disks

represent different surface area put into contact with blood (respectively 760, 1520 and 2280 mm?); * p<0.05

IV. Conclusions

In this study, polypropylene meshes used in the hernia treatment were covered by PCL nanofibers
and then functionalized in order to provide anticoagulant and expected antiadhesive properties in order to

avoid postoperative adhesions after intra-abdominal surgery. After the optimization of the PCL
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electrospinning, acrylic acid was first successfully grafted on these meshes thanks to cold plasma
treatment in order to prove the feasibility of the approach. Then the grafting of AMPS, a monomer
possessing sulfonate groups expected to exhibit anticoagulant activity, was optimized through
experimental design methodology. Whatever the conditions of treatment, and after sterilization, PPM
meshes, treated or not, did not release any cytotoxic compound, and demonstrate sufficient cell viability in
direct contact with cells. In terms of anticoagulant activity, AMPS grafted samples exhibit properties very
similar to that of 0.5 unit of heparin if sufficient grafted surface area is used. All these results showed
firstly that plasma treatment did not affect the anticoagulant activity of AMPS and also that the graft-
copolymerization of this monomer on PCL nanofibers covered PPM leads to promising anticoagulant
activity with an acceptable cytocompatibility with fibroblasts NIH3T3. Future work will concentrate on
mechanical properties of samples and on degradation rate in order to select the best cold plasma treatment
for inguinal hernia repair application. Then, studies will be focused on in vivo assays in order to prove the
efficiency of these plasma treated nanofibers covered PPM on a rat model for the treatment of inguinal

hernia to limit the postoperative adhesions.
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