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Abstract: Medical-grade polyvinyl chloride was coated by malgcharides through a novel physicochemical
approach. An initial surface activation was perfechforemost via diffuse coplanar surface barrisckiarge
plasma in air at ambient temperature and pres3iwen, radical graft copolymerization of acrylic dthrough
grafting-from pathway was directed to render a wdelflined brush of high density, and finally a chda
monolayer and chitosan/pectin alternating multitaypeere bound onto the functionalized surfaces. &warf
characteristics were systematically investigatedgiseveral probe techniqués. vitro bacterial adhesion and
biofilm formation assays indicated that a singlé&adan layer was incapable of hindering the admesiba
Staphylococcus aurelmacterial strain, while up to 30% reduction wasiewdd by the chitosan/pectin layered
assembly. On the other hand, chitosan and chitpsetih multilayer could retarBscherichia coliadhesion by
50% and 20%, respectively. Furthermore, plasmaedeand graft copolymerized samples were also found

effective to diminish the degree of adherenc&sdherichia coli.
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1. Introduction

The topic of biointerface has recently been drawspgcial attention to this intersection of physickemistry, and
biology. The motivation for biointerface sciencadies stems from the urgent need to increase awlealge on interactions
between biomolecules and materials surfaces [1]p&@ficular importance is the vulnerability of biaterial surfaces to
contamination with potentially pathogenic bactegthins through adhesion and biofilm developm@&his poses a critical
challenge for further use of biomaterials on actmfrthe associated infections [2,3]. Hence, cdhitrg the adherence of
bacteria onto materials surfaces is highlightedraBnportant aim in the realm of biointerface scieen

A multistep physicochemical approach making useplesma technology combined with wet chemistry haeslefd
considerable interest in delivery of surface-actiméi-adherence materials [4]. In the first stephef approach, concerning an
inherent lack of suitable functional groups on fmes substrates, plasma treatment at low temperadad atmospheric
pressure has been substantiated to be a usefubampprielding reactive entities on the surface J[1l®w temperature
atmospheric pressure plasmas have been put ingptiteght by virtue of the possibility of rapidfieient in-line processing
without the need for costly vacuum apparatus [G}wklver, the need for shorter treatment durationshenorder of a few
seconds remains a pressing obstacle to extensipkcatons of this type of plasma [7]. To eliminatiee underscored
downsides, a novel technology named diffuse coplauaface barrier discharge (DCSBD) has been dé\i8¢ which
enables the generation of a uniform plasma layeeuatmospheric pressure with a high surface paleasity in the very
close contact with the treated specimen. DCSBDaietl on surface dielectric barrier discharge wittigh density of thin
discharge channels generated on a dielectric suifaparallel with the sample surface. The plassia & good contact with
the sample, which appreciably shortens the treatitiere and lessens energy consumption [9]. In #wosd phase of the
approach, an end-functionalized polymer brush ih®sized on the surface via surface-initiated pelyzation (SIP). SIP
encourages the formation of surface-confined thiaksh layers of high grafting density on the swefasing generation of
appropriate initiators anchored to the substratertich monomers are able to easily make their imgugh the already-
grafted layer and contribute to the chain growt,I1]. In the final step, biomolecular species ianenobilized onto this
platform to provide the sought after biologicaligity. Immobilization of biomolecules onto the sack is feasible in light of
established bioconjugation chemistry [12].

Biocidal biopolymers offer promise for cutting dowre environmental complications by diminishing tesidual toxicity of
the agents, increasing their efficiency and seldgtias well as protracting biocides lifetime. fpoleric antimicrobial agents
also have the advantage of not permeating throughtkanks to their nonvolatility and chemical sty [4]. A typical
instance of this class is chitosan (Scheme la) wisia cationic polysaccharide derived from dedag&tn of chitin and used
in pharmaceutical, cosmetic, and food industry mpgibns [13]. It is a linear polysaccharide congubsof randomly
distributed /?-(I-4)-linked D-glucosamine and 7\k#ad-D-



glucosamine, which in contact with bacterial cetldisrupts the cell metabolism and ultimatelylkithe bacteria. In
addition to its direct microbial activity, othewuslies suggest that chitosan induces a series efislefreactions correlated with
enzymatic activities [13-15]. Pectin, a structurateropolysaccharide contained in the primarywalls of terrestrial plants,
is one of the most widely investigated polysacaesiin the field of colon-specific drug deliveryhél'characteristic structure
of pectin is a linear chain of a-(I-4)-linked D-gaturonic acid that forms the backbone (SchemeRbitin has been well-
established as an effective gelling and thickenamggnt, as well as stabilizer for foods [16]. Thé&raation between
polyelectrolytes of opposite charges can creatnge of structures including multilayers using lalgg-layer assembly. The
prospective applications of biopolyelectrolyte riaijters are mainly in biomedical areas as encapisnlasystems, and
coatings which can control cell adhesion [17].d&been shown that chitosan gives stable altematinitilayers with pectin
over solid surface and the binding of the biopolymeto the surface was irreversible over the ticees of the experiments.
Indeed, this can be exploited to fabricate analegowltilayer assembly over a polymeric substratereby rendering a

higher amount of chitosan onto the surface [14].

Scheme 1(a) Bal-anc-stick models of chitosan and (b) pectin ui

(b}

Numerous works have been dedicated to the studyobfsaccharides as antibacterial coatings on palgnsipports
[14,15,18-28]. Chen et al. [18] immobilized chitosan species via glutaraldehyydonto poly(iV-
isopropylacrylamide)/polypropylene composites ugitgsma treatment and photoinduced graft polymgozand achieved

up to 90% reduction in bacterial colonies $faphylococcus aureus {S. aurews)d Escherichia coli (E. co)i strains.

Elsewhere, Yanegt al[19]



using the same approach, immobilized chitosmits onto poly(ethylene terephthalate) (PET) atdthined effectivel
antibacterial PET fibers suitable for wound healmgposes. Hulet al [20] coated chitosan entities onto PET texture

plasma glow discharge and acrylic acid (AA) grajtin
and reported up to 75% bacterial growth inhibitdter coating with chitosa Similar results were reported elsewhere, w

atmospheric pressure plasma was employed to degiuisan onto PET

textiles [21]. Also, PET fibers in another work [1%vere treated by yay irradiation, grafted with acrylic acid, and ther
coated by chitosan via esterification, and sigaificbacterial growth inhibition was finally attatheSimilar results were
reported by Nigmatulliret al [22] after tethering chitosan onto cellulose memiesg where higher antimicrobial activity v
observed for Gram- positive than Gram-negative dyact Tsenget al[23] using open air plasma treatment grafted chit
species onto ngh textiles and obtained significantly improvedibatterial activity. Elsewhere, nonwoven polypraagd
(PP) and cotton fabrics were also treated by caitaghich appreciably enhanced antibacterial pragsef24]. Huet al [25]
grafted AA to ozone-treated poly (3- hydroxybutyacid) and poly (3-hydroxy-butyric acid-cok8droxyvaleric acid
membranes and then anchored chitosan entitiestbatsurface and assessed its biocidal activityratjaeveral bacteri
strains and reported th&tcoli was the most susceptible strain, even more Shaaureusln another paper [26], the sa
authors followed the same strategy for differerlypsters and found better antibacterial propergirgE. colias well. El-
tahlawy et al [27] treated cotton fabrics with chitosan in thegence of different crosslinking agents and regblroad-
spectrum antibacterial performance against bacterthfungi. Yanget al[28] treated polysulfone membranes with ozon
introduce peroxides and then grafted AA, followgdcbupling of chitosan and reported of a strong luakcactivity agains
both gram-positive and negative bacteria. Elsaiteal [14] modified PP films by corona discharge and tlipositer
chitosan and chitosan/pectin multilayer. They régbrof a bette antibacterial performance for the latter thantadar
monolayer ascribed to higher stability of the maiter, as it was supported in a thorough study layudovaet al[17].

Scheme2. Multistep strategy for biomolecular binding o9 C substrat:
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Despite the outstanding position of polyvinyl chdler (PVC) among medical polymers as well as theontgmce of
chitosan and pectin as marketed biodegradable aodysirides, to the best of our knowledge no pertimeork has been
published hitherto in the literature concerningypakcharides coating onto PVC films. This attengptundertaken to
contribute to the biointerface discussions surringpdthe interactions of medical-grade PVC surfaneibbilized
polysaccharides with Gram- positive and Gram-negdbacterial strains. This is accomplished throbighging the binding
of chitosan monolayer and chitosan/pectin multitayia the aforesaid multistep physicochemical appho(Scheme 2) into

special focus. Surface characteristics and battelzesion extent are then investigated by thevagleprobe methodologies.

2. Results and Discussion

2.1. Surface wettability

A highly surface sensitive technique is contactlaranalysis which enables a convenient assessnfethieosurface
wettability. Table 1 includes the contact angleuesl of deionized waté6\) recorded on different samples. Each sample has
been designated by a number from 1 to 5 whoseiaotat inserted in the title of Table 1. Based bea given data, Sample 1
exhibits a hydrophobic characteristic which aftemig treated by plasma, an evident chang@jimrises and hydrophilicity
ascends as anticipated. This trend continues &sutaple 3 on which polyacrylic acid (PAA) chains grafted where more
hydrophilic propensity is shown inferred frdw value. The elevated hydrophilicity upon multistapdifications is assumed
to come from the inclusion of superficial hydrophiéntities [31,32]. The hydrophilicity then decsea as polysaccharides
are coated onto the surface, though is well highan that of Sample 1, as the inherent hydrophyliof chitosan is beyond
doubt [21,24,28]. Furthermore, Sample 5 exhibighbi wettability than Sample 4 implying a more efifee binding of
chitosan onto the surface, as remarked in otherteffis well [14]. To further explore the physicestical parameters of the
examined surfaces, an extensively used theoryhitztzvan der Waals/acid-base (LW/AB) [33], has beeploited for free
surface energy evaluation whose outputs with refergo diiodomethane, ethylene glycol, and deiahiz@ater as wetting
liquids are supplied in Table 1. Sample 1 exhihitsasic charactely>y") as proposed by the data, even though acidity or
basicity of neat PVC is yet controversial [2,33,3&)ibsequent to the plasma treatment, the tottdcifree energy’) is
raised in terms of the contact angle values. Tiiseiase is principally assisted by the polar (4&gise) componenty(:®),
rather than the apolar orf¢"), implying an incorporation of superficial polar oxgmrcontaining entities thanks to the air
plasma treatment. A significant riseyifi' and values is noticed for Sample 3, in comparisith Samples
1 and 2, indicative of the presence of carboxyl-cimiig units on the surface. As for Samples 4 ana &®duction in/*® and
y® values is observed compared to Sample 3, howthar,y values rise above that of Sample 1. The minimutaesaof
6 and OF are found for Sample 5 which reflect that the acefis seemingly coated by alcoholic and amineadoingy
moieties which in fact points to the more efficidmding of chitosan when compared to Sample & tihen speculated that

pectin favors surface attachment of chitosan estiilso been remarked in the literature [14,17].



Table 1. Contact angle analysis results of different speosnasing deionized water (w), ethylene glycol (@)pdomethane (D), antbrmamide (F) as wetting ager
Sample 1: pristine/control; Sample 2: plasma titaBample 3: PAA grafted; Sample 4: chitosan cqodbednple 5: chitosan/pectin coated (meanz standiewihtion).

- + 8 W fof a) b} c)
¥ Lw/AB ¥ LwiAB )f1 LW/AE )’L LW/AB 7 LW/AB ¥ wa ¥ KN 7 LN

Specimen 6. () 0} Op()  Or() | y?) (mim?) (mim®)  mimd)  (mimd)  (mSmY) (mIm?) (mlmd)

85.9 60.5 43.5 64.2
Sample 1 5.1 0.0 1.0 37.8 388 378 333 336

(£2.5) (#3.0) (#3.5) (36.0)

e 049 494 362 510 249 0.5 6.7 415 482 415 40.4 e
ample 2 .
p (#3.0) (£4.0) (25.5) (26.0)

46.5 513 38.0 47.7
Sample 3 2 62.9 2.1 26.1 40.6 66.7 51.9 43.1 434

#4.0) (#5.5) (#5.0) (+4.5)

63.7 434 282 449
Sample 4 > 222 0.3 4.9 45.0 49.9 45.0 42.8 43.0

(+5.5) (3.0) (£2.5) (5.0)

50.5 40.0 315 31.0
Sample 5 > 42.2 6.6 10.5 43.6 54.1 56.0 46.4 46.6

(£3.5)  (£2.5) (£4.5) (3.5)
4 Surface free energy value according to Wu equationf state [33];” Surface free energy value according to Kwok-Neumanmodel [33]; 9Surface free energy valu

according to Li-Neumann model [33].



To make an analogy among LW/AB theory and equatiostate models, the predictiofs surface free energy values
Samples 1-5 based on the three equation of statelm@B3] (Kwok-Neumann, LNeumann, and Wu) using four wett
agents are also included in Table 1. Although, tmduce lower outputs compared to LW/AB approdieayariation tren:
from Sample 1 to 5 sustains. The Wu equation desgeelds closer data to LW/AB predicted ones o ¢gfounds of tF
respective underlying assumptions.

The water absorption test quantities, given aisims in Figure 1, back up the tat angle results. It is learned 1
the water absorption capacity is boosted by anawvgment in the surface free energy as verifiedtiheioreports [14,357].
In point of fact, the hydrophilic modification gisean impression of the capacity for eatibsorption. The surface modif
specimens (Samples®)-turn out to be more hygroscopic compared taipgssample which shows a minimal uptake. Fi
1 also embraces an inset where the correspondif@csudensities of the absorbed water (absovketeér mass/surface a
subtracted from pristine sample) are demonstr&@edace density of the absorbed water can be edils a benchmark

score some insight into the extent of the appliediifications, since they correlate with the surfiee energy values.

Figure 1. Percentage of water absorption after 24 h for Sasnftb. The inset shows the correspond

surface density of absorbed water (error bars tiefandard deviations).
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2.2. Surface morpholog

The surface topography of Samples 1-5 ingad&d by SEM as a common surface qualitative tegtenare presented
Figure 2. Sample 1 shows a level and uniform mdgzyowhich goes through a significant alteratiorridg the plasm
treatment taking on an etched pattern with an umgvshaped textre. The morphology generated is favorable fol

subsequent coupling processes due to an enhandadesarea and roughness [6]. The developed paiteBample 2 is



indeed, an outcome of the competing functionaloratand ablation phenomena which brings on a reargaon of the

surface microstructure [38].

Figure 2. SEM micrographs of Sampli1-5 taken ar30 000x magnification
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The incident of the ablation is validated by grastric analysis where a weight loss of 4 jig-&h4s been observed due
to the plasma treatment for 15 sec implying an exiprate etching rate of 2 nm/s in terms of the uB¥@ grade density.

Based on the micrograph of Sample 3, PAA chains



develop superficial domains of submicron dimensiad brush-like features are then recognizable erstinface. As the
grafting moves forward, clustering takes place heeaof the domains size growth. An additional cdiimge factor in
controlling the surface microstructure is the greftmechanism which is actually initiated by getedasurface radicals. A
portion of the generated radicals may also be ptesesublayer and begin the grafting reaction.sTiiings forth evidently
bulged grafted top layer following the diffusionmbnomers and participation in chain propagati@j.[B fact, Sample
3 exhibits the roughest topography compared to therst where a brush-like pattern comes into vievickviienders an
active platform for subsequent modification. A damifinding was also reported on AA-grafted polythane [40]. Assuming
an evenly distributed polymer brush, the averagét glensity of PAA is gravimetrically estimatedtie -185 jig-cn? which
is higher than the mean values reported in similarks focused on surface grafting of PAA [28,39,41]s interesting to
note that the estimated graft density falls ondtaer of the corresponding surface absorbed wagesity calculated in the
previous section. Moreover, the grafted brush digkness should be around 1.5 jam with respechéocapproximate PAA
homopolymer density (1.1 g’cf{39]). Chitosan coating as well as chitosan/pestiritilayer alter the surface topography, as
observed in Figure 2, leading to relatively eved amore uniform textures, in particular for SampleltSs postulated that
PAA chains on the surface are pushed apart in dodaccommodate bulky polysaccharide species tefein a filling up
action which brings about a comparatively levelearphology [39]. Morphological findings suggest tlwditosan is more
effectively bound onto the surface when it formayered assembly with pectin. This is in agreententhat commented in

the former section regarding the beneficial rol@edtin in quality of the chitosan attachment dhi® surface.
2.3. Surface chemistry

ATR-FTIR is extensively utilized as a surface asayechnique to provide semiquantitative informaton the chemistry
of the near-surface region. However, as reportethénliterature [42], the mean probe depth of ATRHF equipped with
ZnSe crystal for a PVC of refractive index measuiiin5 lies on the order of 4 [nm which goes beythiedregular thickness
of modified layers on a substrate. Figure 3 displthe infrared spectra of Samples 1-5 separated tbvee wavenumber
ranges for clarity purpose. In the spectrum of Sanip one can readily identify the characteristandis of ester, and
carbonyl-containing groups, besides neat PVC tymigmals. This manifests the existence of somatiadd in the current
medical-grade PVC. After exposing the samples &smph, no pronounced change is detected regardengsample 2
spectrum, compared to Sample 1. This is becausgoéls overlapping leading to masking the plasffects, and also due
to the limited depth of plasma modification to autest layers which thus, can not be well explorgdABR-FTIR. In other
words, the top nanoscale superficial change is glithied that the information is virtually lost. Mertheless, a new
absorption of weak strength comes into view arol®80 cm® which relates to C—C stretching vibration as ailtesf the

dehydrochlorination phenomenon [43].



Figure 3. ATR-FTIR spectra of Sample«-5 split over three wavenumber rang
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According to the spectrum of Sample 3, a broad wadk peak appears at 3,000-3,400"antiich is assigned to the H-
bonded -OH stretching vibration in carboxylic acidtso, C-H stretching bands



within the 2,800-3,000 cni“range gain intensity. The typical C=0 stretchingde at 1,720 crhis amplified. The signa
appearing within 1,400-1,500 cmtorresponding to CHvibration, CH deformation, andGH bending modes, margina
gain strength, as do the signals within the 1,10300 cm® range related to C-O stretching vibraticins carboxylic
compounds, as well as GHbending mode. The peaks appearing within the 6@-Gid* range connected with C}
stretching decrease in height. These alterations bet that PAA units are coupled onto the surféseto the spectrum
Sample 4, due to the coincidence of signals, noifiignt changes are noted. The C=0 stretching @eak720 cni'loses
strength. The intensity of the peak around 1460'clikely due to CN stretching vibration, slightly increases. Thensigat
1,190 cm* corresponding to C-O-C stretch in esters abatbsevthe absorption at 1,160 chéssociated with C-@ in
cyclic ethers and C-C-N bending in amines gainsnsfth. A minor, broad peak appears around 850 cassigned to NH
wagging in amines. The signal at 605 ¢riitensifies, which can be related®H deformation in phenols, while the sigr
appearing around 612, 575, and 560 tarfd which correspond to O-C-O bending in estedsGa@=0 bending in carboxyl
acids decrease in magnitude. It is codeld from the aforementioned changes that chitepaaies are present on the surf
Chitosan/pectin coating leads to some relevant@dsim the examined surface chemistry. A broad eeadrges within th
3,200-3,600 cmrange characteristic of-OH and-NH stretch. The Gt6tching peak at 1,720 chidses strength. A wea
broad signal appears around 1,540'camnd also the intensity of the 1,580 and

1, 485 cm” absorptions, which all may be associated with-Néfbrination, increase slightly. A signal around &3@"
gains strength, likely due to NHvagging in amines. Furthermore, the signals appgaround 575 and 560 ch'which
correspond to O-C-O bending in esters and 0-C=@libgnin carboxylic acids, decrease in magnitudendée ATRFTIR
lends support to the presence of chitosan/pectierallies onto the surface.

XPS, with a probe depth measuring around 5 nm [4&§, been put to use to more thoroughly monitob#eings of th
surface modifications by picking up a quantitatperception intahe surface elemental composition. The recordedey
spectra along with the corresponding surface at@miopositions and ratios of Sample§ are all provided in Figure 4. T
elements carbon (C), oxygen (O), chlorine (Cl), aiidon (Si) are founen the surface of Sample 1, whose compositior
elemental ratios are presented in the legend ofdsgective graph. The C12p atomic content is salisily lower than the
amount found for neat PVC containing no additivesich refers to the presence of several additived also Xray
degradation [45]. The same rationale accountshiercbnsiderable amount of Ols, which is not a tgjp&ement in standa
PVC, detected in Sample 1. XPS also recognizes swivial quantity of silicon which may be ssciated with th
production/molding process as a contaminant. Aerasble change in Cls, Ols, and C12p denel signals intensity aris
for Sample 2 quantitatively expressed in the legefithe graph. It is easily seen that the C12pnisity decreaes while the
of Ols noticeably increases, which alludes to tméroduction of superficial oxygenated entities tihge with
dehydrochlorination as a result of the ablatiortrdgien (NIs) is also found on the surface becahseptasma treatment has
bea implemented in air medium. The O/C ratio increashile CI/C one declines when compared to thosgaofiple 1. Th

amount of Si2p on the Sample 2 surface increaggsosedly coming from plasma parts as a pollutant.



Figure 4. XPS surve-scan spectra (Samples -5 along with atomic compositiol
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Subsequent to the PAA grafting, the Ols atomic eontdecreases compared to Sample 2; howetvémcreases i
comparison with Sample 1, although a higher Olgemnthan in a plasma treated one was anticipate@dmple 3, since
pure PAA layer would deliver an oxygen atomic carcation of around 40%, in accord with the literat{89]. This mplies
that the detected PAA layer is not pure and PAArchapread not only in the topmost layer but afsthe subsurface lay
far beneath the XPS probe depth [39]. The C12pertnindergoes no change upon PAA grafting and thesignal is als:
no longer seen in Sample 3. The Si2p signal due tctinace coverage attenuates as well. Upon bindaitgsan on ths
surface (Sample 4), pronounced changes appeae sutffiace chemistry, as Ols content and the O/@idraincrease and tt
NIs signal ale emerges, while the C12p and Si2p bands diminightd the surface coverage by polysaccharide speties
trend continues for Sample
5 as higher Ols and NIs as well as O/C and N/C atoations are detectable, compared to Sample 4 gisupport to th:
notion that chitosan can be more stably attachedn higher quantity, onto the surface when layerlec@ with pectin. Ir

other words, the use of pectin can promote theityuafl chitosan binding.
2.4. Bacterial adhesion and biofilm assay

The most cruciastep in biofilm formation is bacterial adhesionnsilered a sophisticated topic in biointerface rem¢
many of whose aspects are not yet been well ureetsAs a matter of fact, adhesion phenomenon istarplay of myriac
factors [46]. On one hanthacterial traits, such as cell wall elements,rbgtobicity, and surface charge, play critical sp
while on the other hand, biomaterial surface prigperike chemical composition, wettability, rougiss, and morpholog
can significantly influence the adherence. Figughbws the histograms of the extent of bacterikabn for Samples 3-
after 24 h incubation. The results have been eteduafter 24 h incubation in order to provide atdreassessment of t
biofilm formation. As regards to the degree of aghee ofS. aureusonto Samples 2, no reduction is evident in tl
number of viable adhered colonies, compared to Satsignifying an inability of the modifications hamper the adhesi
of S. aureudo the surface. However, when itmes to Sample 5, 30% inhibition is observed, suggshe capability o
chitosan/pectin to reduce the degree of adherefictheo Grampositive strain. Surface free energy (wettabilig)d
topography appear to be two pivotal elements inlegmng the oberved degree of adhesion. Indeed, the degreehefsamh
correlates with the hydrophilicity and roughnesshaf samples. From Sample 1 to 3, both hydrophjliend roughness ris
as remarked earlier, and then decrease in theof&&mmples 4 and 5. €adhesion degrees vary with a similar trend a&
Considering Sample 5, it is inferred that chitopantin assembly imparts biocidal effects agaBisaureusA distinctive
mode is observed as for tie coli adhesion, where Samples 2-5 outdo Sanpie the prevention of bacterial adhesi
Plasma treatment hampers the bacterial adhesio80By while graft copolymerization of PAA does it BP% extent
Chitosan single layer and chitosan/pectin multitagiminish the adherence degree by 50% and 208$pectively
Chitosan/pectin multilayer is found to be effecti@gainst both Gram-positive and Gramgative strains, which can
interpreted as due to a higher quality of the daitocoating when it is applied along with pectiiffddent mode of actin of
the tested bacteria on the samples expresses thygleosurface structure and motility Bf coli compared t&. aureusas

outlined in detail elsewhere [47]. The numbeEotoli adhered onto



Sample 1 is higher than that of adheBdureuswhich is ascribed to the different physicochemicailaites of the bacter
and materials [46]. It is already established tBetm-negativeE. coli possesses flageltan the structures exterior to the
wall and is mobile. AdditionallyE. coli has fimlsiae, which make the bacterium more adsorbables Bhin agreement wi
the literature where higher threat Bf coli compared tcS. aureushas been reported [25,26]. Therefore, the mult
modifications are more detrimental to Gram-negathasn Granpositive adhesion. Nonetheless, the antibactesiapes d
not fully repress the biofilm formation after 24ritubation in high cell concentration suspensiovisich is in accord witta
report from Zhanget al.[48] on a different system. Additional effs in this area will be essential to elucidatititeraction

of living microorganisms and biomaterials’ surfaeesl their pertinence to physicochemical charesties.

Figure 5. Histograms of bacterial adhesion degree for Sanf§-5 after 24 h incbatior
against two microorganisms, (error bars depictdsesh deviations).
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3. Experimental

3.1. General

PVC pellets, extrusion medical-grade RB1/T3M of5lg2zcm™ density, were obtained from ModenPlast (Italy) asec
as received. Pectin from apple (BioChemika, with7806 esterification), acrylic acid (99.0%, anhydspuand A™-
dimethylaminopropy”-Af'-ethylcarbodiimide hydrochide (EDAC, 98.0%)were supplied by Fluka (USA). Chitosan fr
crab shells with medium molecular weight and a8%% degree of deacetylation, sodium metabisulfi®.q%
Reagentplus), glutaraldehyde (as 25.0 wt% ag. isolytethylene glycol, (99.8 %, anhydrous), diioddinane (99.0 %
Reagentplus), formamide (99.5%, molecular biologydg), and Triton Xt00 (laboratory grade) were all purchased f
Sigma-Aldrich (USA).

3.2. Preparation of substrates

PVC granules were molded by hot pressing at 1650tC10 min, formed into #it sheets of 1 mm thickness,
subsequently cut into 4 x 5 cm pieces after coolifige substrates were then washed thoroughly singnwith dilute
ethanol, sonicating with 0.1 vd}s ag. solution of non-ionic surfactant (Triton X-)0hd deionized war for 10 min at 3

°C. Finally, they were dried in an air- circulatiogen at 30 °C for 24 h.
3.3. Plasma activation

Plasma treatment was implemented under static tonsgliby the DCSBD technology on a laboratory seath air as th:
gaseous medium at atsmheric pressure and room temperature. A scheptiite of the plasma system is given in Sch
3. It basically comprises a series of parallel thietalectrodes inset inside a ceramic dielectdcated in a glass chaeib

which allows the carrier gases to flow. All samphesre treated on both sides with plasma power 6f\®or 15 sec.

Scheme 3Schematic profile of DCSBD plasma syst
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3.4 PAA grafting

PVC substrates, upon treatment with plasma, weneersed into spacer solutions containing 10 ¥olAA ag. solution
To control radical graft copolymerization of AA enPVC following surfacenitiated pathway (Scheme 2), 0.1 wt. % sod
metabisulfite was added as an efficient reductanniiit AA homopolymerization. The reaction wasoaied to proceed fc
24 h at 30 °C. The samples were taken out, waslithdowd5 vol.% Triton X100 aqg. solution, and also deionized water {
min at 30 °C in an ultrasonic bath to remove angaumd PAA species on the surface. Drying was dorg®&C in an air-

circulating oven for 24 h.
3.5. Polysaccharides immobilization

PAA grafted PVC samples were immersed into 0.1 wieB¥AC aqg. solution at 4 °C for 6 h iorder to activate tr
carboxyl groups on the surface. The activation raagm is given in Scheme 4a where the highly adtexeintermediate, O-
acylisourea, is produced having potential to redth reducing agents [29]. Subsequently, they wimesfered to chitosa
solutions prepared as 1 w/v % chitosan in
2 vIv % ag. solutions and kept there for 24 h at B0 Then, the samples were rinsed several timesdeibnized water ar
dipped overnight into 1 w/v % glutaraldehyde agluson at 4 °C which acted as an amim&ctive homobifunction:
fixative to immobilize chitosan species onto thefate via crosslinking. Crosslinking takes placeitmyne formation as
result of a reaction between primary amine andtslde [30], as depicted in Scheme 4b.ekplore the effect of pectin a:
thickener on chitosan layer, PAA grafted samplésrdieing activated by EDAC were dipped into chitosolution of th
concentration stated above for 20 min at room teatpes, then withdrawn and dried in air for a feminutes an
immediately were transferred into pectin solutipmepared similar to chitosan solution) and keprehfer 20 min. Thi:
procedure was repeated nine times to deliver ditipectin alternating multilayered coatings on $hiefaces. Then, tt
samples were rinsed several times with deionizetewand incubated in 1 w/% glutaraldehyde aq. solution at 4

overnight. All of samples were fully washed andedrunder the same conditions mentioned previously.
3.6. Surface wettability assessment

The wetability of the samples was evaluated using condacfle analysis and water absorption test. Statitact angl
measurements by the sessile drop method and thectese data analysis were carried out via Surtaeergy Evaluatio
(See) System (Advexnstruments) equipped with a CCD camera using afsstandard testing liquids at 22 °C and €
relative humidity. Each resulting contact angle wasaverage of 10 measured values recorded 30fteeaeposing eac
drop of 5 pL volume on the sample sudaWater absorption test was implemented by ergosaich specimen to water
24 h at 22 °C and gently padding with a filter pajmeeliminate unabsorbed water from the surfa¢e fesults were repode
as percentage of water absorption [(wet weighy-eright)/ dry weight] x 100) after taking the meaifithree replicates.



Scheme 4(a) Carboxyl group activation by EDAC and (b) imiorsslink formation following chitosan and
glutaraldehyde reaction.

N (N H NH
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3.7 Surface topography analy

Scanning electron microscopy (SEM) was carriedaut VEGAII LMU instrument (TESCAN) operating in the hi
vacuum/secondary electron imaging mode at an aetilg voltage of 520 kV. The samples were sputter coated with &
layer of palladium/gold alloy and tilted 3@3 reach an enhanced resolution and stereoscapic Vihe images were all tak
at 30 000 x magnification.

3.8. Surface chemistry probe

ATR-FTIR spectra were collected at a spectral rggm of 2 cm? via an Avatar 320 FTR spectrometer (Nicole
equipped with a ZnSe crystal at an incident andld53. Each spectrum represents 64adoled scans rationed again
reference spectrum obtained by recording 64dded scans of an empty ATR cell. The acquiredtspeere analyzed usi
OMNIC Software Suite. Xay Photoelectron Spectroscopy (XPS) was conduasety TFA XPS Physical Electronics. 7
base pressure in the XPS analysis chamber wasG®&d. The samples were excited by X-rays over aj#t@ameter spi
area with monochromatic Al Kal,2 radiatiah 1486.6 eV. The emitted photoelectrons were tiedeby a hemispheric
analyzer positioned at a take-off angle of 45°.vByiscan spectra were obtained at a pass energy d85.8¥. and 0.4 e
step resolution. An electron gun was employed forfage neutralization. The elemental concentration analysa:

performed over three different positions by MulR& .3.1 software.



3.9. In vitro baderial adhesion assi

Bacterial adhesion and biofilm formation experinsewere performed using Gram-positi{® aureus3953) and Gram-
negative(E. coli 3954) bacteria. The circular shape specimens (anm)Bwere cut from the pristine and modified P
sanples before further investigation. The bacteridhesion was performed as follows, the test tubebl W@ mL of steril¢
water solution of nutrient broth (Envitech, CzeckpRblic) was inoculated with given bacterial streonreach ~1H CFU-
mL"! and leftat room temperature for 30 min. Then, the specimeere inserted into the test tubes. After 24 h
incubation at 37 °C under continuous shaking at dff, the test tubes were opened and the specimers carefully
removed form the medium, rinsed witkerile distilled water to remove loosely adheradtbria and placed into other t
tubes containing 2 mL of sterile deionized watene Toacteria adhered on the surface of the specimens removed b
vigorous shaking of the test tube at 2000 rpm fbs8c and quantified by serial dilutions and spr@atke technique. A 1
aliquot of the suspension was diluted decimally finch each dilution, 0.1 mL was transferred to rautr agar plate and the
surviving bacteria were enumerated after 24 houltivation at 37 °C reported as CFU-cmEach experiment was reitera

in triplicate.
4. Conclusions

This work highlights the functionality of the adedtmultistep physicochemical approach to bind ptgharide speci
onto the medical-grade PVC surface. BBIBplasma is capable of increasing roughness, ceiff@e energy, and introduci
oxygeneontaining functionalities anchored onto the swefa& structured PAA brush of high graft densitysimthesize
using surface-initiated approach to further imprdwadrophilicity and develop a stable brugte assembly to yield
platform for biomolecular binding. Surfasensitive analyses evidence the presence of chitesal chitosan/pect
multilayer. In vitro bacterial adhesion and biofiformation assays indate incapability of single chitosan layer in hiridg
the adhesion ob. aureusacterial strain, while up to 30% reduction is agkid by chitosan/pectin layered assembly. Oi
other hand, chitosan and chitosan/pectin multilayedd retarde. coli adhesion by 50% and 20%, respectively. Furthern
plasma treated and graft copolymerized sampleslace found effective to diminish the adherence degsfE. coli. The
findings of this work are expected to shed sombtlign the issues involved in théointerface science of polysacchari

coatings on polymeric substrates.
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