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Abstract

The aim of this work is to design a wound dressing able to release chlorhexidine (CHX) as
antiseptic agent, ensuring long-lasting antibacterial efficacy during the healing. The textile
nonwoven (polyethylene terephthalate) (PET) of the dressing was first modified by chitosan
(CHT) crosslinked with genipin (Gpn). Parameters such as the concentration of reagents (Gpn
and CHT) but also the crosslinking time and the working temperature were optimized to reach
the maximal positive charges surface density. This support was then treated by the layer-by-
layer (LbL) deposition of a multilayer system composed of methyl-beta-cyclodextrin polymer
(PCD) (anionic) and CHT (cationic). After a thermal treatment to stabilize the LbL film, the
textiles were loaded with CHX as antiseptic agent. The influence of the thermal treatment i)
on the cytocompatibility, ii) on the degradation of the multilayer system, iii) on CHX sorption

and release profiles and iv) on the antibacterial activity of the loaded textiles was studied.

Keywords

Antibacterial textile, Chitosan, Genipin, cytocompatibility, Cyclodextrin, Chlorhexidine,

Layer-by-Layer



37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

1. Introduction

Skin is the largest (1.2 to 2.3 m?) and heaviest (10 to 16% of the total body mass) organ of the
human body and is structured in three layers: the epidermis, the dermis and the hypodermis
from the most superficial to the deepest. This structure provides to the skin several functions:
sensitivity (temperature, touch of solids, liquids), thermal regulation of the body and
protective barrier against physical, chemical and foreign microorganisms aggressions [1].
Various factors may damage this protection such as wounds, bedsores or scars that pave the

way for pathogens and subsequent complications.

Indeed, infections provoke tissues necrosis, subsequently delay the healing process and extend
the healing period with dramatic consequences for the patient. The most frequent harmful
germ is Staphylococcus aureus (24 to 50%) [2—4]. Nevertheless, in most of cases the infection
is poly-microbial with the presence of other bacterial strains such as Staphyloccocus
epidermidis, Escherichia coli or Pseudomonas aeruginosa [5-10]. Infected wounds request
the use of antibacterial dressings to eradicate bacterial colonization and eliminate biofilm in
order to allow the beginning of healing process in a second time. As necrotic tissues are
poorly irrigated, local treatments give better results than systemic administration. In the state-
of-the art, antibacterial dressings present biocide functionality through contact Killing
provided by specific chemical groups such as alkyl ammonium groups [11] or through the
release of antiseptic agents such as chlorhexidine (CHX), triclosan, silver salts or

nanoparticles [12,13].

Chitosan (CHT) is a polymer of choice for use in wound dressings due to its biocompatible
[14,15] biodegradable, bacteriostatic, mucoadhesive and hemostatic properties [16-20]. CHT
is a natural polysaccharide obtained from deacetylation of chitin extracted from crustacean
shells and composed by D-2-deoxy-2-acetyl-glucosamine and D-2-deoxy-glucosamine units

linked by B (1—4) binding. The presence of basic amino functions (-NH;) confers to CHT a
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polycationic character in acidic conditions due to their transformation in ammonium groups (-
NHs"). Besides, CHT benefits from the high chemical reactivity of its amino groups toward
crosslinking reactions by using di-functional molecules such as glutaraldehyde, polyethylene
glycol epoxy polymer [21-23] or various compounds like polycarboxylic acids[24] and in
particular genipin (Gpn) used in the present study [15,25]. As a matter of fact, it is well
known that most of the crosslinking agents and especially di-aldehydes are toxic, making
them unsuitable for biomedical applications. On contrary, Gpn extracted from fruits of
Gardenia jasminoides Ellis is commonly used in pharmaceutical or food industry as pigment
precursor for food dyeing. Besides, Gpn readily reacts with primary amino groups of CHT
and proteins leading to their crosslinking [26—28]. This compound is recognized to be less
cytotoxic than most of crosslinking agents, especially glutaraldehyde [15] and is therefore

acceptable for biomaterials application.

Moreover, the crosslinking reaction by Gpn occurs in mild conditions i.e. at room
temperature, which are favourable to highly heat-sensitive compounds such as proteins or
substrates such as textiles. Thus, Liu & Huang have developed a bilayer dressing based on soy
protein and CHT film crosslinked by Gpn to improve epithelialization and repair of injuries
[28]. More recently, Martin et al reported coating of a textile support by a polyelectrolyte
multilayer (PEM) system obtained from the self-assembly of CHT and an anionic
cyclodextrin polymer (PCD) bearing carboxylate groups [29,30]. The cohesion of such
nanostructured system was directed by the formation of polyelectrolyte complexes (PEC)
formed between CHT and PCD and its stability in aqueous media depended on the pH and on

ionic strenght of the medium [31].

The incorporation or immobilization of antibacterial agents (methylene blue, CHX, metallic
ions) on wound dressing is used to prevent wound infections [32]. CHX is a biguanide

compound widely used for the local bucco-pharyngal, cutaneous antisepsis with a broad-
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spectrum activity and can be used in association with other antibacterial compounds such as
benzalkonium chloride in particular in Biseptine® principally used for cutaneous application.
The association of CHX with other compounds like iodine has also been reported to improve

the antibacterial effect of the CHX (synergic effect) [33].

This study reports the elaboration of an antibacterial textile coated by a first layer of CHT
immobilized by crosslinking with Gpn, onto which a polyelectrolyte multilayer (PEM) film
was built up, consisting of the self-assembled layers of anionic PCD and cationic CHT. The
antibacterial activity of the modified textiles was determined by release-killing effect after
loading the PEM system with CHX. In our concept, the PCD is expected not only to provide
enhanced reservoir and sustained release properties to the PEM system thanks to the CHX-

cyclodextrin (CD) inclusion complexes formation and to its slow dissociation.

This paper reports the impact of sample preparation conditions on the first crosslinked CHT
layer with Gpn, which was necessary to provide cationic sites firmly anchored to the neutral
polyester fibres, and then the PEM build-up construction will be investigated. The in vitro
CHX kinetic of release is studied in parallel with the in vitro antibacterial tests on S. aureus.
As this support is destined for contact with superficial and deep tissues composing the skin,

an evaluation of the cytocompatibility of functionalized textiles was also conducted.
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2. Materials and methods
2.1.  Materials and reagents

The textile support used was a non-woven polyethylene terephthalate (PET, NSN 365)
provided by PGI-Nordlys (Bailleul, France). The density of PET was 76 g/cm? and the
thickness 0.24 mm. Before chemical modification, the textiles were thoroughly washed by
three successive cycles of soxhlet extraction with isopropanol and distilled water. PET was
chosen for its biocompatibility, low price and wide use in commercially available wound

dressings.

Gpn, acetic acid, CHT and Phosphate Buffered Saline (PBS) were purchased from Sigma
Aldrich (Saint Louis, USA). CHT was a low molecular weight grade (batch N° SLBG1673V,
190 kDa, viscosity: 20-300, in 1%v/v acetic acid) with a degree of deacylation (DD) of 80%
+/-5% (according to supplier) and the calculated NH, content was 5.0 +/-0.25 mmol/g. PBS
solution was prepared by dissolving one tablet in 200 mL of ultrapure water (Pure Lab Flex
Elga, Veolia). The final concentration was 0.01 M phosphate buffer, 0.0027 M potassium
chloride and 0.137 M sodium chloride (pH 7.4 at 25 °C). CHX was purchased from INRESA

(Bartenheim, France)

2-0O-Methyl B-cyclodextrins (MepCD Crysmeb®, DS = 0.50) was purchased from Roquette
(Lestrem, France). Anionic water-soluble PCD was synthetized according to a method
patented by Weltrowski et al. [34]. Citric acid as crosslinking agent, sodium hypophosphite as
catalyst and MeBCD in respective weight ratio 10/3/10 (g in 100 mL) were dissolved in water.
After water removal using a rotative evaporator, the resulting solid mixture was then cured at
140°C during 30 min under vacuum. Water was then added and the resulting suspension was
filtered, and dialyzed during 72 h in water using 6-8 kDa membranes (SPECTRAPOR 1,
Spectrumlabs). Finally, the water-soluble anionic CD polymer (PCD) was recovered after

freeze drying. The weight composition of PCD, was 74 wt.% in MeBCD moieties (determined
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by 1H NMR) and the calculated carboxylate groups content was 2.7 +/-0.3 mmol/g. The
molecular mass in number (Mn) of PCD was 8 000 g/mol, measured by size exclusion

chromatography SEC) in water equipped with a light scattering detector.
2.2.  Chitosan fixation on PET with genipin (PET-CHT)

CHT-1% (w/v) and CHT-2.5% (w/v) were obtained by dissolving CHT in 1% (v/v) acetic
acid. Gpn was solubilised in distilled water to obtain final concentrations of 0.01; 0.05; 0.1
and 0.5% (w/v) after mixing with CHT solution. The virgin PET textile (5*5cm) was weighed
on a precision balance (+/-10™g, Kern, Balingen, Germany) (initial weight (w;)), impregnated
in the different CHT/Gpn solutions and roll-padded (Roaches, England). Samples were placed
in an incubator at 25°C under wet atmosphere (RH-100%) for 48 hours, where crosslinking
reaction occurred. The textiles were finally washed in acetic acid (1% (v/v), 20 min) and
ultrapure water (20 min, 2 times) under sonication to remove the unreacted CHT and Gpn,
dried at 90°C for 1 hour and weighed (ws). The degree of functionalization was calculated by

the weight gain:
Eq. 1: Weight gain (%) =erv—w x100

where w; and ws represent the weight of the nonwoven PET samples before and after their

modification with CHT-Gpn (named PET-CHT), respectively.
2.3. Layer-by-layer coating (PET-CHT-PEMN).

The multilayer assembly was built using the dip-coating method as previously reported
[29,30] and schematized in Figure 1. Samples (5 x 5 cm) were cut off from PET-CHT
samples (described in the previous section) and alternately dipped during 15 min in the PCD
solution (0.3% (w/v) in ultrapure water) and in the CHT solution (0.5% (w/v)) in acetic acid

1% (v/v) with intermediate drying and rinsing steps according at room temperature under
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stirring (180 rpm). The weight gain after each further polyelectrolyte layer was determined

following this equation.

Eq. 2: Weight gain (%) =W—d‘P'°$“‘Wi %100

Where wi; is the weight of the virgin PET sample and Wiip-coating 1S the sample weight after its

modification by CHT-Gpn then followed by n dip-coating cycles.

The first self-assembled PCD layer adsorbed onto the CHT-Gpn primer layer (layer #1)
grafted on the textile was labelled layer #2, while the following self-assembled CHT layer
was labelled layer #3. So CHT layers of the system were numbered with odd values and
samples terminated with 11 layers (PEM11), 15 layers (PEM15) and 21 layers (PEM21) were
used as test samples. Finally, the modified textiles were cured at 140°C for 105 min to

stabilize the PEM. Sample were named PET-CHT-PEMn, where n is the number of layer.

) Drying ee @ Rinsing e« () Drying
L1007 C durig 15 40 mL of ubrspame: water
miFaIes i over mder stiris ot 180Tpm
dirir 15 mirattes at
Tooih terrperabms:

1) Adsorp ton PE- (5) Adsexp tion PE*

40mL of Polyb:CD - 40ml of CHT solition at

soltion at03%  wmder 0.5% ., with acetic acid at 1%
stiring ot 180 rpm daring wmder string at 180 moon
15 mivastes atToomm Yiater during 15 mirortes atroom
teanperatme tenperatire

M Rinsing
40 mL of acetic acid
at A% mder sriring o
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\ EE | Qe
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Figure 1. Schematization of the dip-coating process to build-up the multilayer system.
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2.4. Textiles characterization
2.4.1. Acid orange titration

The titration of free amino group content on the textile was realized by the method
described by Aubert et al [24]. The samples (disks of 11 mm diameter) were dipped in an
orange acid (OA) solution at 2.5x10 M, pH3 at room temperature overnight under stirring
(300 rpm). A calibration curve is realized preliminary with OA solution at 0.4 mM in pure

water.
The amount of amino functions is calculated as follows:
Eq. 3:

Absorbancexvolume (L)

NH;, mmol/g= /weight (g)

Slope (L.mol~1.cm™1)

Where “slope” is the molar extinction coefficient measured from the calibration (value =

0,014 L.mol-1.cm-1)
2.4.2.  Scanning Electron Microscopy (SEM)

The SEM investigations of functionalized textiles were carried out on a Hitachi S-4700 SEM
FEG (Field Emission Gun) operating with an acceleration voltage of 5-25 kV, after carbon
metallization.

2.4.3. Degradation studies

The Kinetics of degradation of the PEM system was performed before and after heat
post-treatment at 140°C. The samples (@ 11 mm, n = 3) are weighed (w;) and then immersed
in 10 ml of a PBS solution (37°C, 80 rpm). At regular time intervals, the samples were rinsed
twice with 2 mL of ultrapure water to remove the salts adsorbed on textiles and dried at 90°C

in a ventilated oven for 15 minutes. Textiles were finally weighed (wq) and put back in fresh
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PBS. The results were calculated as a percentage of the remaining mass as a function of time

as follow:

Eq. 4:

w
Remaining Mass (%)=;d x 100
i

2.4.4. Invitro biological evaluation - Cell viability

The human embryonic epithelial cell line (L132) were selected for testing the
cytocompatibility of CHT functionalized textiles due to their relevance to target clinical
application (skin care) and its good reproducibility. Cells were cultured in modified minimum
essential medium (MEM, Gibco®, LifeTechnology) supplemented with 10% foetal calf serum

(FCS, Gibco®, LifeTechnology).

After disinfection by dipping in absolute alcohol and drying at 37°C overnight, the disk
samples (PET, PET-CHT, PET-CHT-PEMnN) were placed in the bottom of 24-well plates
(Costar, Starlab). Viton rings (Radiospare) were inserted into the wells to prevent the floating
of samples, and subsequently avoid cells growing beneath the test samples. Cells were gently
seeded at the density of 3500 cells cm? in each well, and the wells with no sample disk but
only cell suspension served as controls, tissue culture polystyrenes (TCPS). The growth
periods for the cell proliferation and cell vitality tests were 3 and 6 days without renewal of

the medium.

3 and 6 days after the cell seeding, the culture medium was removed from each well and
500 pL of culture medium diluted fluorescent dye (AlamarBlue®, Interchim) was deposited in
each well. After incubation at 37°C for 2 hours, the reacted dye solutions were transferred
into 96-well plates (VWR International) and the non-toxic fluorescence was measured by

fluorimeter (Twinkle LB970TM Berthold) at 560 nm. Data were expressed as the mean
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percentage £ SD of six separate experiments with respect to the control (Tissue Culture

PolyStyrene, TCPS — 100 %).
2.5.  Textiles loading with chlorhexidine
2.5.1. CHX quantification

High-Performance Liquid Chromatography (HPLC) coupled to UV detection (HPLC-UV)
(Shimadzu LC-2010A-HT, Shimadzu, Japan) was used according to the method described by
Xue et al and Kudo et al to analyse the CHX [35,36]. The analysed solutions containing CHX
were separated with a reverse-phase column (C18-MG, 5 um, 110 A, 250x46mm,
Phenomenex Gemini) maintained at 40°C. The mobile phase consisted of acetonitrile/water
(40:60) containing 0.05% (v/v) trifluoroacetic acid, 0.05% (v/v) heptafluorobutyric acid and
0.1% (v/v) triethylamine. The flow-rate was 1 ml/min and the injection volume 10 pl. CHX

was detected at 260 nm with a retention time of 6-7 min.
2.5.2.  CHX phase solubility diagram

Phase solubility studies were carried out according to the method described by Higushi and
Connors [37]. Excess amount of CHX was added to MepBCD and MeBCD polymer (PCD)
solutions in water at different concentrations ranging from 0 to 80 mM in CD cavities. The
mixtures were shaken (120 rpm, room temperature) for 24h and filtered through a 0.45um
membrane filter. The concentration of CHX in the supernatant was determined with the
HPLC method previously described. Phase solubility diagrams were obtained by plotting the
solubility of CHX in mmol/L versus CD concentration in mmol/L. According to [38],
association constant (Kj;) value of CD/CHX inclusion complex was calculated from the slope

of the linear part of the phase—solubility diagrams using the following equation:
Eq. 5:

Ka = Slope / (So *(1-Slope))
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Where Sy is the intrinsic solubility of CHX in the absence of CD and Slope is the slope of the

linear part of the phase—solubility profile.

The solubilizing power of CD was evaluated by the complexation efficiency (CE)
parameter. CE is the complex to free CD concentrations ratio and was calculated from the

slope of the phase solubility diagram:
Eq. 6:
CE =Sy * K, = [CD-CHX] / [CD] = Slope / (1-Slope)

Where [CD-CHX] is the concentration of dissolved inclusion complex and [CD] is the

concentration of free CD.
2.5.3.  CHX loading and release kinetics

Drug Loading - Textile samples (& 11mm) were impregnated in a saturated aqueous
suspension of CHX (0.4 mg/mL) under stirring (210 rpm) overnight at room temperature. The

samples were briefly rinsed with ultrapure water, dried and stored at 37°C before evaluation.

Sorption capacities of textiles were measured by immersion of samples (& 11 mm) in 15 ml
of NaOH (0.5 M) under sonication for 1 hour and then under stirring (300 rpm) for 24 hours.
The pH of supernatant solutions (n=6) were adjusted to 4 with acetic acid (50% (v/v)) and

CHX was quantified by HPLC.

CHX release kinetic - Loaded samples (& 11mm) were placed in 24 well-plate (CytoOne®)
containing 1 mL of PBS solution under 80 rpm at 37°C. At predetermined intervals (30
minutes — 37 days), the release medium was completely removed and replaced with fresh
PBS. The CHX content in the release medium (n=6) was determined by HPLC. Release

medium and sample were stored at 37°C for microbiological evaluation.



255

256

257

258

259

260

261

262

2.5.4.  Invitro microbiological evaluation

Microbiological tests were performed according to the standardized Kirby—Bauer method
[39]. 50 pL of the release medium were placed in wells in Mueller Hinton agar plates pre-
inoculated with Staphylococcus aureus (S. aureus, CIP224) strains. After 24 h of incubation
(37°C), the inhibition zone was measured. The values were plotted as a function of the
soaking time in PBS to evaluate the antimicrobial activity of the disk sample and release

medium (n=6)
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3. Results and discussion
3.1. PET modification with CHT-Gpn
3.1.1. Influence of CHT concentration and reaction time

CHT immobilization on PET through crosslinking reaction with Gpn could be observed
thanks to parallel weight gain and amino groups assessments after washing samples with
diluted acetic acid. Figure 2 shows the parallel evolution of the weight gain and the amino
groups content on the textile in function of the time of crosslinking for PET samples
impregnated and roll-padded in CHT solutions (1.0% and 2.5% (w/v)) containing Gpn at
concentration fixed to 0.1%w/v. For the highest concentration of CHT (2.5% (w/v)), the
weight gain and the amount of amino groups rapidly increased and reached a plateau value at
24 hours with a maximum of 1.9%-wt and 0.15 mmol.g™ respectively. For the lower
concentration of CHT (1% (w/v), the crosslinking reaction could be detected by both
characterization techniques only from 8 hours of reaction. A maximum value was reached
after 24 hours, with a weight gain and amino content of 0.68%, and 0.06 mmol.g™
respectively. For both parameters, the degree of functionalization was 2.8 times higher in
2.5%w/v compared to 1%w/v CHT solutions, so that a linear response was observed. CHT
crosslinking reaction by Gpn is produced by the nucleophilic substitution of the ester function
of Gpn by the primary amine group of CHT to form a secondary amide and also by the
nucleophilic attack on the dihydropyran group of Gpn by the primary amine of CHT resulting
in the formation of a six membered nitrogen heterocycle [26]. Besides, the self-
polymerization of Gpn forming chromophore groups absorbing at 605 nm induced the
progressive blue dyeing of the textiles. This observation is in accordance with the different
studies on the crosslinking evaluation of CHT by Gpn both in term of reaction time (24 hours)
than in the blue coloration in studies dealing with CHT hydrogels [40], matrices [41] or

nanofibers [19] crosslinked by Gpn. According to the reaction kinetic study, we opted for
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applying a CHT concentration of 2.5% (w/v) for 24 hours as optimal conditions to obtain a

maximum and repeatable yield of functionalization on the textiles.

0/ . B

2.5% —e—PET-CHT1% —e— PET-CHT2.5% 0.2

-e- PET-CHT1% -e- PET-CHT2.5%

2.0% - 0.16
X
£ 1.5% 0.12 &
S =
£ :
'S 1.0% 0.08
= z

0.5% - 0.04

0.0% 0

Crosslinking time, hours

Figure 2: Weight gain (solid line) and of the amino groups (-NH,) (dashed line) contents in
mmol/g of the PET textile functionalized with CHT (concentrations 1% and 2.5% (w/v))

reticulated with Gpn (concentration 0.1% (w/v) in function of the reaction time at 25°C.

3.1.2. Influence of the concentration of Gpn

Samples were impregnated in CHT solutions whose concentration was fixed to
2.5%w/v) and Gpn in variable concentrations from 0.01 up to 0.5%w/v, roll-padded and left
in the humid ambiance at 25°C for 24 hours. Figure 3 shows that the weight gain increased
from 0.2%-wt up to 1.4%-wt when Gpn increased from 0.05 to 0.1%w/v. It is worth
mentioning that in absence of Gpn, CHT was completely removed during the washing step.
The amount of amino groups determined by spectrophotometry increased with the Gpn

concentrations and reached an optimal value (0.1 mmol/g) for Gpn concentration of 0.1%
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(w/v). Besides, the blue dyeing of the textile significantly appeared after the 24 hours period

of exposure in moist ambience at Gpn concentration higher than 0.1% (w/v). Despite their

highest weight increase, samples reticulated in presence of 0.5%w/v Gpn displayed amino

groups content in the same range of order as those prepared from 0.1% Gpn. This was

probably due to a surface saturation phenomenon that involved the stabilization of the surface

density of amino groups accessible to acid orange dye.

According to these results, we opted for applying a Gpn concentration of 0.1% (w/v) as

the best compromise with regard to the resulting weight gain (1.0%wt) and amino groups

density (0.1 mmol/g) on the PET-CHT supports. This support called PET-CHT presented a

cationic surface (after protonation of CHT amino groups) that was used for the build-up of the

PEM system as described in the next section.
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Figure 3: Influence of the concentration of the crosslinking agent (Gpn, 25°C, 24 hours) on

the weight gain and on amino groups content (mmol/g) of the PET textile. The concentration

of CHT was fixed to 2.5% (w/v) and the reaction time was 24 hours.
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3.2.  Build-up of the polyelectrolyte multilayer system (PEM) on PET-CHT

Figure 4 reports the weight gain of PET samples after the preliminary CHT
immobilization with Gpn (PET-CHT sample) and in the course of the subsequent cycles of
the dip-coating process. The polyelectrolyte complex formation through electrostatic
interactions between ammonium groups of CHT crosslinked by Gpn on PET-CHT surface
(layer #1) and the carboxylate groups of the water-soluble anionic CD polymer occurred and
induced the first PCD layer deposition (layer #2). By a phenomenon of charge
overcompensation, the surface acquired an anionic charge available for the self-assembly of
the next CHT layer (layer #3) and this was repeated in order to build-up a LbL coating made

of up to 21 layers.
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Figure 4: Weight gain (in %-wt) of the PET textile with the number of CHT layers. Layer#1
corresponds to the CHT layer reticulated with Gpn. The following odd numbered layers
correspond to self-assembled CHT layers alternately deposited with PCD layers. PCD and

CHT concentrations used in the dip coating process were 0.3%w/v and 0.5% wi/v respectively
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As observed in Figure 4, the growth profile of the LbL assembled multilayer consists of an
exponential followed by a linear part that is classically reported in similar studies. In the
present case, the transition between both exponential and linear regimes (called the switch
point) [42] occurs after the fifth CHT layer deposition (3.37%wt) and then a linear evolution
of the weight gain reached up to 38.13%wt (21 layers) (r2 = 0.9943). The exponential part can
be explained by the coalescence of initially formed islands of polyelectrolytes on the fibres
surface that progressively leads to homogeneous coating. Once the available surface is
covered and if polyelectrolytes are not able to diffuse into the multilayer system, a linear

growth of the film is then observed [43-46].
3.2.1. PEM stabilization by heat post-treatment

Once dipped in saline solutions, PEM assemblies present more or less rapid degradation due
to the dissociation of the polyelectrolyte complexes involved by the competing ionic species

from the solution. S

previously successfully applied-a thermal treatment at 140°C to a similar PEM system based

on CHT and PCD [30] on the one hand, and on CHT-PCD based nanofibers on the other hand

m. We could evidence that such thermal post
treatment provoked the crosslinking of the polyelectrolyte complex through amide groups

formation from carboxylic groups of PCD and amino groups of CHT [47] as—¢displayed—n

figureBA.
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crosslinking reaction was confirmed by titrating the amino functions on PET-CHT-PEMn

samples before and after the thermal post-treatment (TT) (Figure 5B). Indeed, before the
thermal treatment, the density of amino functions considerably increased after PEM build-up
[325 to 350 nmol.g™*] compared to PET-CHT [95.8 nmol.g™]. Unlike what was observed for
the PET-CHT sample, the thermal treatment of samples modified with the LbL film provoked
a significant decrease of amino functions. This confirmed our hypothesis of the partial
conversion of both some amino groups of CHT layers and some carboxylic acid groups of CD

layers into amide bonds resulting in the stabilization of the LbL assembly.

It is worth mentioning that a ATR-FTIR study was carried out in order to evidence 1) LbL
build-up on the PET support, and 2) the formation of amide groups induced by thermal post-
treatment. However as displayed in supplementary data (Figure S1), except a new band
corresponding to C-O-C vibration in polysaccharides at 1038 cm™ appearing on spectra of

treated samples, the fingerprint of PET masked most of the expected signals due to LbL

deposition.
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Figure 5: (A) Scheme of the formation of amide bond within the PEM system during heat
treatment (140°C - 1h45). (B) Amino groups content of PET textiles modified with CHT
crosslinked with Gpn and coated with PEM films based on 11, 15 and 21 CHT layers before

and after thermal post treatment (TT) at 140°C during 105 min.
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Figure S1: FTIR spectra for the different stage of functionalisation, i.e. PET, PET with
multilayer system (PET-CHT-PEM) and PET with multi-Layer System (PET-CHT-PEM-TT).

3.3.  Scanning Electron Microscopy

Textile surfaces at different stages of their conception were analyzed by scanning electron
microscopy (Figure 6). The virgin PET fibres are smooth, spaces between fibers form open
pores, and some fibres are slightly deformed or welded due to the textile manufacturing
process by heat setting. PET-CHT reveals the presence of CHT visible especially at the
crossings of the fibres, but does not appear obviously due to the spreading of CHT coating

forming a thin film corresponding to 1.0% of the total weight of the material at this step of the
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process. When the multilayer system is applied, the coverage of the textile fibres by the PEM
coating can be clearly observed, as well as the pores close-up. Despite the fibers coating and
porosity filling by CHT-PCD polyelectrolyte complex, only a moderate stiffening of the

treated textiles was noticed, even in case of PEM 21 sample.

PET-CHT

Figure 6: SEM micrographs obtained by scanning electron microscopy of samples at
different stages of the process, virgin PET, PET modified by Gnp crosslinked CHT, and after

PEM deposition up to 11, 15 and 21 CHT layers.
3.4. Invitro degradation studies

Figure 7 shows the evolution of the weight of the multilayer system as a function of the
degradation time in PBS medium. No significant degradation was observed for PET- CHT
samples after 5 weeks in PBS, confirming the stability of the first layer of CHT immobilized
on PET by crosslinking with Gpn. On the other hand, PEM self-assembled systems without
thermal post treatment revealed a rapid and significant degradation after 3 days in the PBS
solution. Thus, PEM11; PEM15 and PEM21 lost 10%, 15% and 20% of their initial weights
respectively, corresponding to the totality of the PEM coating for each of the samples.

Conversely, heat-treated PEM systems displayed degradations values inferior to 5%. This



409  result confirms is an indirect evidence of the crosslinking of the LbL coating upon heating as

410  discussed previously.



A 105% ——PET-CHT-PEM11-TT —e—PET-CHT-PEM11

100% I —
o 95%
-
5 90% -
(]
S g5y
80%
75%
(] 10 20 30 40
411 Time, days
B Jos% ——PET-CHT-PEM15-TT —e—PET-CHT-PEM15
100% | B3 .
1 * ) —
« 95%
-
5 90% ¢
() E ]
; 85% W {
80%
75% L] T T 1
0 10 20 30 40
412 Time, days
C 105% - —+—PET-CHT-PEM21-TT —e—PET-CHT-PEM21
r 3 \
o 95%
£ o
5 90%
()]
2 g59% -
80%
75% a .
0 10 20 30 40
413 Time, days

414  Figure 7: Weight (%w) of the PEMn samples (n= 11; 15; 21) systems with or without thermal

415  treatment (TT) in function of the time of degradation in PBS (37°C, 80 rpm)..
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3.5.  Invitro biological evaluation

The cytocompatibility of the textiles was evaluated with epithelial cells line L132 (ATTC-
CCL5), for their high sensibility with toxic products according to 1SO 10993-5. Cells were

seeded onto the different textiles: PET, PET- CHT-Gpn, PEMn samples with or without TT.

Figure 8 confirms the cytocompatibility of PET support which remained unchanged after
coating with crosslinked CHT by Gpn, 99.0% and 104.4% respectively, after 3 days of
incubation. This result is in agreement with the work of Li et al. and Lau et al. who showed
the good cytocompatibility of electrospun CHT membranes crosslinked with Gpn in contact

with purified Schwann cells and fibroblasts (L929) [19,48].

Nevertheless, Figure 8 also displays that samples coated with PEM provoked a decrease
of cell vitality when increasing the number of layers from PEM15 to PEM21. Besides, in a
former study from our group, Martin et al (2013b) [30] observed the same phenomenon
explained by the release of PCD in the culture medium that provoked the pH decrease and cell
death. Our results display that heat treatment applied to PEM samples improved their
cytocompatibility due to crosslinking reactions between PCD and CHT that prevented the
above mentioned phenomena. Furthermore, the lower cell proliferation on PEM system
compared to PET-CHT can also be explained by a low initial adhesion of the cells on the
coating surface. Indeed, Muzzio et al also showed that cell adhesion decreased when thermal

treatment was applied to the multilayer system [49].
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Figure 8 : Cell vitality (Alamar Blue method) of L132 cells on PET, PET-CHT and PET-
CHT-PEMnN samples (n = 11; 15; 21) with or without thermal post treatment (140°C, 1:45h)
after 3 days of culture (37°C, 5% CO,, 100% RH), without renewal of the culture medium

(n=6).
3.6.  Drug sorption and Drug release
3.6.1.  Solubility Diagram of CHX

Solubility enhancement studies of CHX in presence of MeBCD and MeCD polymer
(PCD) were carried out using the phase solubility method (Figure 9). CHX solubility linearly
increased with MeBCD (1>=0.987) and PCD (r2=0.994) concentration, displaying in all cases
AL-type profiles. Inclusion complexes of CHX with MeBCD and PCD[50] were evidenced by
an association constant respectively of 640 M™ and 820 M™. Sy of CHX in water at room
temperature was = 0.15 mM % 0.015 mM while a maximum of 6.87 mM % 0.25 mM was

obtained in presence of 62.1 mM of PCD. So PCD increased remarkably the solubility of
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CHX by a factor 50. This result can be explained by the crosslinked macromolecular structure
of PCD interacting with the aromatic groups of CHX through host-guest interactions with
neighboring CD cavities on the one hand, and through ionic interactions between cationic
biguanidinium groups of CHX and free carboxylate groups carried by the citrate groups

crosslinks [51,52].
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Figure 9: Solubility diagram of CHX with increasing concentrations of MeCD and MeCD
polymer (PCD) in aqueous solution at room temperature after 24 hours of stirring (240 rpm).

So =0.15 +/- 0.015 mmol/L at room temperature
3.6.2. CHX Loading on PEM samples

Textile samples were impregnated in CHX 0.4 mg/mL aqueous solutions (Figure 10). It
clearly appears that PEM samples could adsorb CHX on the contrary of virgin PET and PET-
CHT samples. These results highlight the crucial role played by PCD in the CHX loading. In

addition, increasing the number of layers in the PEM system emphasizes this phenomenon.
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Thus, the amount of adsorbed CHX increased with the number of layers from 45.1 mg/g

(PEM11) up to 143.7 mg/g (PEM21). However, PEM samples after heat treatment displayed

reduced CHX uptakes compared to untreated ones. Furthermore, CHX uptake in this case was

no related to the number of layers. This can be explained by the crosslinking of the PEM,

which limits its swelling, and therefore CHX diffusion into the LbL coating. Elsewhere,

Diamanti et al. (2016) [53] have shown that a heat treatment applied to a multilayer system

reduced significantly the wettability of the surface (water contact angle 36° vs 95° with TT

(145°C))
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Figure 10 : CHX adsorbed onto PET, PET-CHT and PET-CHT-PEMn samples (n= 11; 15;

21) with or without thermal treatment. Textile samples are impregnated in CHX solution (0.4

mg/ml) overnight. Loaded textiles are desorbed in NaOH solution (0.5M, 4 hours).
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3.6.3. CHX release from PEM samples

Interestingly, Figure 12A shows that the number of layers applied to the textile has an
impact on i) the percentage of CHX immediately released (Burst effect), ii) the percentage of

CHX delivered over time and iii) the release time.

As a matter of fact, Figure 11 displays the sudden release of CHX from all PEM samples
within the first instants of the release test. The extension of this burst release was related to
the number of layers in orders PEM11> PEM15>PEM21, corresponding to 34%, 17%, 13%,
and 47%, 24% and 8% before and after thermal treatment respectively. This fast release step
can be explained by the liberation of CHX in interaction with the LbL coating through weak
and non-specific interactions with the polyelectrolytes (hydrogen and electrostatic bondings).
After the burst release, delayed release of CHX was observed in a second phase where the
influence of thermal treatment on the release profile is observed. As a matter of fact, in case
of PEM samples without thermal treatment the decreasing of slope of the curves against time
of release reveals that the delivered dose decreased with time up to 45 days. On contrary,
concerning thermally treated samples, an almost linear release profile was observed, synonym

of a constant rate of delivery within the whole period of the experiment.

Finally, Figure 11 also displays the influence of the number of layers on the overall
released CHX dose within the 45 days period for samples before (Figure 11A) and after
(Figure 11B) thermal treatment. As a matter of fact, after 45 days, 91, 67 and 50% of loaded
CHX were released from PEM11, PEM15 and PEM21, respectively and these values

decreased down to 68, 50 and 33% after thermal treatment.

In conclusion, the release of CHX could be controlled not only by the number of layers
but also by the application of a thermal treatment. Firstly, the number of layers controls
coating thickness in the PEM system. If thickness increases, the percentage of drug released

decrease and the release is prolonged. In relation to Figure 7, the release is initially controlled
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by degradation phenomenon resulting in a burst effect, then by a diffusion / degradation
phenomenon with the remaining layers of polyelectrolytes on the textile. Secondly, the release
is also controlled by the inclusion of CHX inside the cavities of CDs as shown on cellulose

functionalized with CDs [51,54].

Thirdly, as observed in Figure 12B, the release profile is also controlled by the
crosslinking of the PEM system upon heat treatment. Interestingly, the thermal treatment
contributed to slow down the release rate of the CHX in function of the number of layers
applied to the textile. Indeed, after 45 days, the PET-CHT-PEM21 system released 40% of the

CHX while the thermal-treated system released only 25%.

A 100% A

80%

60%

Chx, %

40%

--PET-CHT-PEM11
-&-PET-CHT-PEM15
=+PET-CHT-PEM21

0 7 14 21 28 35 42
Time, days

20%

0%




513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

100% - —PET-CHT-PEM11-TT
- PET-CHT-PEM15-TT

80% - -+ PET-CHT-PEM21-TT

60% —

Chx, %

40%

20%

0% 1 1 1 1 1 1
0 7 14 21 28 35 42

Time, days

Figure 11. In batch CHX release in PBS (pH 7.4, 80 rpm, 37°C) from PET-CHT-PEMn
samples (n = 11; 15; 21) without (A) and with (B) thermal treatment (total medium renewal at
each time point). Textile samples were preliminarily impregnated in CHX solution (0.4

mg/ml) overnight.
3.6.4. Antibacterial activity

The antibacterial effect against S. aureus of aliquots withdrawn from release medium (PBS
(pH 7.4, 37°C, 80 rpm) is plotted against time in Figure 12. The inhibition zone size varied
with the contact time, the number of self-assembled layers applied on the textile, and with the
application of the thermal treatment. Firstly, an overview of Figure 12 revealed that the
antibacterial activity of the release media persisted along the 45 days period of the assay.
Nevertheless, Figure 12A shows the diameter of the zone of inhibition is increased with the
number of layers applied on the textile in relation to the release profile obtained in Figure 11.
Indeed, the amount of CHX release increased with the number of layers. Figure 12B also
shows the impact of the number of layers on antibacterial activity. Interestingly, whatever the
release time and the number of layers, the diameter of the zone of inhibition is lower than that

observed for the same textiles without thermal treatment. This also confirmed the results



530

531

532

533

534

535

obtained in terms of release. Indeed, the amount of CHX released is lower for thermally
treated textiles compared to untreated ones. Finally, the number of layers applied to the textile
and the thermal post treatment could control the release of the CHX while having antibacterial

activity until 45 days.
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Figure 12. Evolution of the antimicrobial activity against S. aureus of release medium from
PET-CHT-PEMnN with or without thermal treatment in PBS (pH 7.4, 80 rpm, 37°C) with total
renewal medium at each time. Textile sample are impregnated in CHX solution (0.4 mg/ml)

overnight.
4. Conclusion

In this paper, we report the surface modification of a polyester nonwoven textile with CHT
crosslinked in mild conditions using Gpn. The resulting surface cationic charge density was

controlled by the reaction time and the concentration of the reagents (CHT and Gpn). A



546

547

548

549

550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

textile treatment with a 2.5% CHT solution cross-linked with 0.1% Gpn for 24 hours seems to
be a good compromise to obtain an optimal amino function density for the construction of a

PEM system while cytocompatibility was of the support was preserved.

Then, a layer-by-layer coating based on PCD and CHT was built-up resulting in the enhanced
reservoir capacity and sustained release of CHX depending of the number of layers.
Nevertheless, a rapid degradation of the multilayer system has been observed. In a very
interesting way, a compromise was found by applying a thermal post-treatment to stabilize the
multilayer system and to control the release of the drug over several weeks. Despite this
thermal treatment reduced the drug loading capacity (especially for the highest number of
layers) it allowed to maintain eventhough an antibacterial activity up to 7 weeks. Furthermore,
thermal post-treatment also enhanced the cytocoamptibility of the PEM system. In addition,
the antibacterial activity in vitro over several weeks has been demonstrated on two strains (E.
coli and S. aureus). In vivo tests still have to be performed in a next future in order to display
the efficiency of such modified textiles as wound dressings, and open the way to other types

of biomedical textiles for the prevention of infections.
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