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Chitosans are natural aminopolysaccharides, whose low cytotoxicity suggests their potential use for nonadhesive,
antibacterial coatings on biomaterials implant surfaces. Here, the antiadhesive behavior and ability to kill bacteria
upon adhesion (“contact killing”) of chitosan coatings were evaluated for two straiBatefococcus faecalis

isolated from clogged biliary stents. Chitosan coatings covalently grafted or applied as chimmaajeenan
multilayers were characterized by ellipsometry, scanning force microscopy (SFM), X-ray photoelectron spectroscopy
(XPS), and electrokinetic measurements. Decreases in initial bacterial deposition rates and the number of bacteria
adhering in a more advanced state of the adhesion process were observed on both types of modified surfaces,
with more pronounced effects on highly hydrated multilayers. Adhesion of negatively charged enterococci was
slightly enhanced on chitosan-terminated multilayers, but antibacterial effect was abseratraaigeenan-terminated
multilayers. Thus, the efficacy of multilayers remains an interesting interplay between the promoting effect of
cationically charged groups on adhesion of negatively charged bacteria and, on the other hand, their antibacterial
effects.

1. Introduction et all! reported a monotonous decrease in the number of
adhering fibroblasts with increasing number of deposited poly-

Despite significant progress achieved in the last decades, the .|ysine)/alginate multilayers on highly cell-adhesive gelatin-
prevention of bacterial adhesion and growth to biomaterials coated polystyrene surfaces.

surfaces still remains one of the main challenges in the
restoration of function in man using prosthetic implants.
Bacterial adhesion and subsequent biofilm formation constitute
a source of persistent infections that usually leads to the removal_ 2
of the infected prosthesisSeveral antiadhesive and/or anti- lation of chitin from crustaceans exoskeletons and fungal cell
bacterial coatings have been developed, based on hydrophoyvalls. Sustainable interest in the biomedical application of
bicing agents, application of positive chérge polymer brush chitosans to discourage bacterial adhesion and implant infection
coatings?3 thermoresponsive polymetsirug eluting coatings, is stimulz_ated strongly _by the lack of t_o_xicity of chitosans_ to
silver coatings, naturaf or synthetic polymeric biocide’s® and mammahan cell_@ and its b|odegradab|llﬂj and strong a_nt|-
many other developments. Yet, the clinical efficacies of many Pacterial propertiet: Covalent grafting of chitosan to chemically
of these coatings still have to be demonstrated. Moreover, suchiNert biomaterials surfaces is usuaIIprreceded7 by grafting of
coatings should not negatively impact tissue integration of a acrylic acid toy-ray irradiated;, plasma® or ozoné pretreated
prosthesis, which eventually forms the best guarantee for theSurfaces and has been6 applied to polyprop_yl‘én%% poly-
long-term functioning of an implanted prosthesis. (ethylene terephthalaté}’ and other polyester fibefs:* How-
Recently, a layer-by-layer technique based on alternating €Ver. Lin et ak? reported significant bacterial adhesion after
deposition of oppositely charged synthetic or natural polyelec- chitosan application to the lumen of oxidized polyethylene
trolytes has been proposed as a facile and affordable method tdubing and attributed this to higher roughness and positive charge
avoid a complicated multistage process of covalent grafting to of chitosan-modified surfaces. Considering the known antibacte-
yield materials with controllable adhesive properfizd2 Using rial properties of chitosan, these observations call for alternative
weak, synthetic polyelectrolytes, Mendelsohn et®ahowed application techniques with enhanced antiadhesive and antibac-
that, regardless of the constituent polymers, adjustment of pH terial effects.
and ionic strength during multilayer deposition provides a means  Although chitosan is often referred to as a highly biocom-
to control biological interactions with the layers deposited. Elbert patible polymer, its suitability for blood-contacting applications
is limited by its relatively high thrombogenic activi#§jwhich

Chitosan is a natural aminopolysaccharide (copolymei-of
(1—4) linked 2-acetamido-2-deoxy-glycopyranose and 2-amino-
2-deoxybp-glycopyranose) produced commercially by deacety-
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Figure 1. Chemical structure of the polyelectrolytes used for coatings
preparation: |, chitosan (DA, deacetylation degree); Il, k-carrageenan;
Ill, poly(ethylene-alt-maleic anhydride).

dextran sulfate can be used in the construction of multilayered
coatings as described abat#&? Carrageenans provide a large
family of natural, sulfated polysaccharides that are biocompat-
ible, biodegradable, nontoxic, cheap, and gel-fornith&e-
cently, Schoeler et &L showed that variation of carrageenan
type for multilayers buildup allows formation of films differing

in thickness, surface morphology, and elasticity, although the
use of this class of polysaccharides to form coatings is limited
hitherto31.32 Attempts to use carrageenans in developing
antibacterial chitosan-containing coatings on biomaterials sur-
faces have never been made.

The aim of this paper is to compare the antibacterial efficacy
of covalently grafted chitosan coatings with the efficacy of
multilayers, consisting of chitosan andcarrageenan. Two
aspects of antibacterial efficacy will be evaluated, i.e., the
antiadhesive ability of the coatings as well as the ability of the
coatings to kill bacteria upon adhesion (“contact killing”).
Antibacterial efficacy will be determined against two clinically
isolated strains oEnterococcus faecalisan organism known
to be involved in the clogging of biliary stents.

2. Experimental Section

2.1. Materials. Chitosan with a deacetylation degree of 84% and
molecular weight of 3.4x 105 g mol* was a gift from Pronova
Biopolymers (Drammen, Norway). Poly(ethyleak-maleic anhydride),
PEMAh, with molecular weight of 1.26 103 g mol~* and «-carrag-
eenan (CAS 11114-20-8) were purchased from Aldrich and Fluka,
respectively. Structures of the polymers are given in Figure 1. All other
reagents were of analytical grade. Millipore water with a conductivity
of <1 uS cntt was used in all experiments. Microscopic glass slides
and highly polished single-crystal silicon wafers with a native ;SiO
layer of 1.8+ 0.4 nm (Semiconductor Processing, Germany) were used
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prepared in acetic acid (0.02 M) containing 0.15 M NaCl under constant
stirring overnight (heating up to 50C was applied for the first 30
min). After filtration through cellulose filters with pore size of 0.45
um, the pH of the polymer solutions was adjusted to pH 5 or pH 3,
using 0.1 M NaOH or acetic acid. To avoid acidic degradation reported
for k-carrageenaf? only freshly prepared solutions were used for
multilayers buildup. Multilayers were prepared by successive immersion
of a substratum to solutions of chitosan andarrageenan for 20 min
with intermediate careful rinsing under running Millipore water. One
layer of chitosan and one layer efcarrageenan are further referred to
as a double layer.

2.2.2. Chitosan GraftingGrafting of chitosan on glass surfaces and
silicon wafers proceeded in three stages. In the first stage, the cleaned
substrata were stored overnight in the presence of 3-aminopropyldim-
ethylmono-ethoxysilane (10@L in an extra small open Perti dishes).
After drying the aminosilanized substrata at £20for 1 h, a solution
of PEMAh (0.03 g dissolved in a mixture of 6.66 g of acetone and
13.34 g of THF, filtered with 0.2m syringe filter) was spin-coated at
4000 rpm for 30 s. The coated samples were dried in vacuum at
120°C for 2 h and thoroughly washed with acetone. Finally, chitosan
solutions in 0.02 M acetic acid (0.4% w/v) with pH adjusted to 3 and
5 were spin-coated at 2000 rpm during 30 s. Modified slides (PEMAhQ
CH, pH 3 and PEMAR-CH, pH 5) were annealed at 12C for 2 h to
yield covalent grafting and thoroughly washed.

2.2.3. Surface Topographylhe multilayers topographies were
investigated with a scanning force microscope (SFM) DI-3100 (Digital
Instruments, Santa Barbara). The tapping mode was used to map the
surface morphology at ambient conditions. Standard silicon tips with
radius of about 1630 nm, apex angle 65vere used at a frequency
of about 275 kHz. From the height image, the root-mean-square (rms)
roughness over the scan area ok 11 um? was calculated.

2.2.4. X-ray Photoelectron Spectroscopy (XPH)XPS studies were
carried out by means of an AXIS ULTRA photoelectron spectrometer
(KRATOS ANALYTICAL, Manchester, England). The spectrometer
was equipped with a monochromatic AbKhv = 1486.6 eV) X-ray
source of 300 W at 15 kV. The kinetic energy of photoelectrons was
determined with a hemispheric analyzer set to pass energy of 160 eV
for wide-scan spectra and 20 eV for high-resolution spectra, respec-
tively. During all measurements, electrostatic charging of the sample
was avoided by means of a low-energy electron source working in
combination with a magnetic immersion lens. Later, all recorded peaks
were shifted by the same value to set the Cls peak to 285.0 eV.
Quantitative elemental compositions were determined from peak areas
using experimentally determined sensitivity factors and the spectrometer
transmission function. Spectrum background was subtracted according
to Shirley3* The high-resolved spectra were deconvoluted by means
of a computer routine. Free parameters of component peaks were their
binding energy (BE), height, full width at half-maximum, and the
GaussianLorentzian ratio.

2.2.5. Electrokinetic MeasurementElectrokinetic properties of
multilayers and coatings of covalently grafted chitosan layers were
characterized by streaming potential measurements employing the
Electrokinetic Analyzer EKA (Anton Paar GmbH, Austria) with a
specially designed cell for plates and shéetsor all samples, the
electrolyte (KCI) concentration during measurements was 0.001 M. pH
values were varied during measurements by the addition of 0.1 M HCI
or 0.1 M KOH employing an automatic titration unitPotential values
were calculated from the experimentally determined streaming potential
(dU/dp) according to the Smoluchowski equati®n.

2.2.6. Ellipsometry. 2.2.6.1. Dry State MeasuremeTte. thickness
of polymer layers in the dry state was measuretl &t633 nm and an

as substrata for preparing coatings. Prior to polymer deposition, substrataangle of incidence of 70with a null ellipsometer in a polarizer

were cleaned in bD,/NH3/H2O (1:1:1 v/v/v) mixture at 80C in an
ultrasonic bath, thoroughly washed with distilled water, and dried at
120°C.

2.2. Methods. 2.2.1. Multilayers Buildup.Stock solutions of
chitosans and-carrageenan with polymer content b g L™ were

compensator sample analyzer (Multiscope, Optrel Berlin) microfocus
ellipsometer. Initially, the thickness of the native Si@yer was
calculated at refractive indices= 3.858— i(0.018) andh = 1.4598

for the Si wafer and the SiQayer, respectively. The thickness of the
PEMAR layer and chitosar/carrageenan multilayers (ML) was eval&-DV
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ated using the two-layer model Si/SIBEMAh(ML) with n = 1.45 20+
and 1.5 for PEMAh and ML, respectively. The thickness of the chitosan —o—pH=3
layer (CH) was evaluated with the three-layer model Si$G@MAh/ —e—pH=5

CH takingn = 1.5 for chitosarf’ The measurements were averaged 10+
for at least 10 points for each sample.

2.2.6.2. “In Situ” ExperimentsIn situ” ellipsometric measurements
were performed to examine the swelling behavior of the chitasan/
carrageenan multilayers and PEMABH layers in PBS (pH= 6.8,
0.15 M NacCl). An ellipsometric cell with thin glass walls, fixed at a
known angle (68 from the sample plane, was used. The angle of
incidence of the light was set such that its path was normal to the
window.

2.2.7. Bacterial Strains and Haesting E. faecalisBS385 and -20
BS11297 clinical isolates from clogged biliary stents were used in this
study. The strains were routinely cultured from frozen stock on blood PH
agar plates. Precultures were inoculated with a single colony from plate Figure 2. Electrokinetic properties of grafted chitosan coatings
in 3 mL of tryptone soya broth (TSB, Oxoid, Basingstoke, U.K.) and obtained at different pH values on glass, modified with PEMAh.
incubated overnight at 3TC. Cultures were grown from the precultures
in 200 mL of TSB overnight at 37C. Bacteria from overnight cultures
were harvested by centrifugation (6506 min, 10°C), washed twice,
and resuspended in phosphate-buffered saline (PBS), pH 7.0 to a
concentration of 3< 1f cells mL™%.

2.2.8. Bacterial Adhesion and Viability Assdyparallel-plate flow
chamber (175« 17 x 0.75 mnf) was used to monitor initial bacterial
adhesion. Images were taken from the glass bottom plate, which
contained the covalently grafted chitosan coating or chitasan/

C-potential, mV

carrageenan multilayers with 14 deposited double layers. The bacterial 410 405 400 395 206 202 288 284
suspension flowed through the system at a volumetric flow rate of 0.023 Ols Cls Binding Energy [eV]
mL s™* (equivalent to a shear rate of 15for 1 h with recirculation OKLL

at room temperature. The initial increase in number of adhering bacteria

over time per unit area was expressed as the initial bacterial deposition 02s

rate, jo, while the number of bacteria adhering after 1 h, denoted as
N1, Was taken as an estimate for adhesion at a more advanced state
the process. All adhesion experiments were preformed in triplicate with
separately cultured bacteria.

After the adhesion experiments, flow was switched for 5 min to
PBS without bacteria to remove unbound organisms from the tubes
and the flow chamber at the same flow rate. The chamber was then'9uré 3. C 1s, N 1s, and survey spectra of covalently grafted
filed with a solution of live/deacbadight bacterial viability stain ~ CMtosan layers (PEMAh—CH) obtained at pH 5.

(Molecular Probes, OR), to determine the percentage of viable, adhering . . . . .
bacteria, and from that moment was protected against light. After 30 coating thickness is close to that of chitosan monolayer. Figure

min of staining, fluorescent images (187 x 187.5:m) were taken 2 shows that coatings obtained at pH 3 are characterized by
of each aliquot with a confocal laser scanning microscope (CLSM, Leica higherZ-potentials and a shift in isoelectric point (IEP) toward
TCS SP2, Heidelberg, Germany). Bacteria were excited with 488 and higher pH values. This implies that the number of free amino
543 nm light, and emitted light with wavelengths of 4935 nm, groups on the surface is higher for the coatings obtained at pH
arising from viable bacteria, was assigned the color green, whereas3 (PEMAh—CH, pH 3) than for those obtained at pH 5
the light from the 586-700 nm region, arising from nonviable bacteria, (PEMAh—CH, pH 5).

was assigned the color red. To prevent negative effects of the laser on  XPS data supported the presence of a chitosan layer on top
bacterial viability, images were taken immediately after random image of the grafted PEMAh layer (Figure 3). The C 1s spectrum was
selection and never twice of the same area. Viability was defined as deconvoluted to six component peaks B, C, D, K, andL).

the percentage of viable bacteria relative to the total number of bacteriaphotoelectrons of saturated hydrocarbo@H() from the
adhering. Aliquots taken from the entrance suspension were found to pEMAh layer and minor surface impurities contributed to

T T T T T
1000 800 600 400 200 0
Binding Energy [eV]

contain more than 95% viable organisms. component peal (285.0 eV), peak€ (286.8 eV) and (287.9
eV) appeared from th€—OH and O-C—O groups of the
3. Results and Discussion saccharide unit, respectively. Pedk$288.1 eV) and. (289.1

eV) were attributed to oxidized saccharide species and carbon

3.1. Covalently Grafted Chitosan Coatings.Grafting of in acetyl groups of residual chitinous units. Component peak B

acrylic acid to a solid substratum is often used as a preliminary (285.9 eV) appeared fro@—N bonds. The N 1s spectrum of
stage of chitosan immobilization targeted to development of PEMAh—CH, pH 5 was deconvoluted into two component
antibacterial coatings!®17.27 We applied PEMAh to graft  peaks corresponding to the amino groGp(399.5 eV) and
chitosan to glass surfaces, since it is more reactive than poly-protonated amino groups (401.6 eV). The ratio of [Nki]/
(acrylic) acid due to the presence of anhydride groups. The film [NH;] equal to 0.193 confirms, in accordance with the electro-
thickness in the dry state was 1# 0.5 nm, with equal kinetic data, that the majority of the chitosan functional groups
contributions from PEMAh and chitosan. Taking into account are in a deprotonated state. As we will show further, this ratio
the value of hydrodynamic radius (267 nm) for chitosan with is in contrast with the state of the chitosan functional groups in
comparable molecular weight and acetylation degree previously multilayers (see Table 1), in which about 80% of the amino
reported by Sorlier et af® we can assume that the chitosan groups remained in a protonated state. CDV
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Table 1. Elemental Surface Concentration Ratios for Chitosan
(CHx)/k-Carrageenan (CARY) Multilayers on Silicon Wafers after
Different Numbers of Deposition Steps (DL)#

CH3/CAR3 CH5/CAR3
DL no. 2 6 8 12 2 6 8 12
N/C 0.129 0.083 0.061 0.064 0.173 0.097 0.061 0.062
S/C 0.145 0.063 0.048 0.051 0.180 0.087 0.058 0.059
N/S 0.89 1.317 1.271 1.255 0.961 1.115 1.052 1.051
[NH2)/[NHs*] 0.242 0.226 0.303 0.186 0.358 0.133 0.357 0.268

2 x and y denote the pH during chitosan or carrageenan deposition.
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Figure 4. Stability of covalently grafted chitosan layers (PEMAh—
CH) obtained at pH 3 and 5 in PBS (pH = 6.8, 0.15 M NaCl).

The swelling degree of PEMARCH coatings was rather low.
The increase in film thickness upon immersion in PBS was
122% and 113% for PEMARCH, pH 3 and PEMAK-CH, pH
5, respectively. Stability of the coatings in PBS buffer was also

different for these samples (Figure 4). Taking into account that

a pH above 4 yields favorable conditions for acylation of
chitosan with anhydrides of carbonic acidsye suggest that
amide bond formation was more efficient for PEMAGH, pH
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Figure 5. Dependence of the thickness (TH) of chitosan (CHXx)/x-
carrageenan (CARy) multilayers (dry state) on the number of
deposited double layers (DL). x and y denote the pH during chitosan
or carrageenan deposition. Data were fitted with the exponential
growth function TH = A exp(DL/t) + B, where A=11.08 + 0.48, t=
6.25 £ 0.13, B=11.70 £ 0.51 for CH3/CARS3; A=30.62 + 3.12, ¢
=8.92 + 0.54, B= —32 + 3 for CH5/CAR5; A= 24.35 + 0.59, t=
6.97 £+ 0.08, B= —25.78 + 0.69 for CH5/CARS.

nism of exponential growth was discusséd.he slowest film
growth was observed when both chitosan ancharrageenan
were adsorbed from solutions at pH 3 (CH3/CAR3). Increase
of the deposition pH up to 5 (CH5/CAR5), significantly
promoted film growth, but the highest thickness increment was
achieved when the pH of the deposition solution was periodi-
cally changed during multilayers buildup from pH 5 for chitosan
to pH 3 for k-carrageenan (CH5/CAR3).

The fast initial growth of CH5/CARS5 multilayers as compared
to CH3/CARS is due to a higher amount of chitosan deposited
in the first layer at pH 5 and, therefore, required a higher amount
of k-carrageenan to allow charge compensation (Figure 5). The

5 ensuring higher cross-linking between polymers and better accelerated further growth of CH5/CAR3 is most likely related

stability of the coatings. Loweg-potential and lower swelling
degree of PEMARCH, pH 5, which was shown to be
dependent on cross-linking for chitosan/poly(acrylic acid)
complexes? support this assumption.

3.2. Buildup of Chitosank-Carrageenan Multilayers. 3.2.1.
Growth of Chitosanw-Carrageenan Multilayers.The pH-
dependent charge density of chitosak{p 6.2—6.5")) enabled

with successive changes in ionization state of chitosan during
multilayers buildup. Considering theKp value of chitosan, a
10% increase in fraction of protonated amino groups can be
expected when pH is shifted from 5 to 3. Good permeability of
multilayers to protorf¢ allows an increase of surface charge
when a chitosan-terminated multilayer is immersed into the
k-carrageenan solution at pH 3. Hence, for the same amount of

us to use pH alteration during polymer deposition as a chitosan as adsorbed in the CH5/CARS5 system, a higher amount
convenient tool to control the thickness and structure of growing of x-carrageenan should be adsorbed to compensate for the
chitosant-carrageenan multilayers. The original idea was to additional positive charge. Due to the small difference in

adsorb chitosan at two pH conditions corresponding to different ionization state of chitosan at pH 3 and 5, the accelerated growth

conformational states (i) stretched, with fully charged amino
groups (pH< 4), and (ii) more coiled, with partially deproto-
nated amino groups (e.g., pH pKy). In preliminary experi-
ments, we found that chitosan adsorption on S#drfaces

of the film thickness induced by this pH shift is within the
experimental error for the first four double layers of CH5/CAR5
and CH5/CARS (see Figure 5). However, it becomes significant
with increasing number of deposition steps due to the expo-

increased with increasing pH to reach a maximum at pH 6, but nential type of growth of chitosandfcarrageenan multilayers.
adsorption was reversible upon exposure of the chitosan-coatedThus it appears that minor, pH-induced changes in charge
substratum to buffer. For this reason it was decided to decreasedensity of chitosan during multilayers buildup can promote
the pH at which the multilayers are formed, and here we report growth of the film to obtain the desired thickness at reduced

for pH 3 and 5.

number of deposition steps. Further characterization of the

Dry state ellipsometry measurements showed a noticeablemultilayers is focused on two extreme cas€H3/CAR3 and
difference in the thickness of the first adsorbed chitosan layer CH5/CARS3.

— 0.31+ 0.04 to 0.864+ 0.19 nm at pH 3 and 5, respectively.
This clearly demonstrates that the growth of chitogan/

3.2.2. Electrokinetic PropertieStreaming potential measure-
ments are often used to monitor the evolution of the surface

carrageenan multilayers can be controlled by pH adjustment. charge during multilayers buildui§#*4When both the substratum

Figure 5 shows that chitosantarrageenan multilayers exhibit

and the adsorbing polyelectrolytes have high charge densities,

exponential growth with pH-dependent thickness increments peradsorption of the first polymeric layer leads to charge reversal

double layer. This type of growth was previously reported for

of the modified surface, close to the one of the polymer in

polysaccharide-containing multilayers, and a possible mecha-solutiorf* or somewhat lowet> Further adsorption of consecE:-DV
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A 3.2.3. SFM ImagingSFM imaging was done to determine
—O—4DL the morphology and surface roughness of the multilayers
—0—4DL+CH obtained at different pH and for a different number of deposition
—O—8DL+CH steps. The surface of the multilayers contains elongated
—=—120L structures whose length and thickness increase with increasing
—e— 12DL+CH .
number of deposited layers, although the patterns become more
fuzzy with an increase in the number of deposited layers (Figure
7). Note that phase imaging yielded sharper structural features
than could be obtained in the height mode. Imaging of the
surface of two double layers terminated with chitosan (CH3/
CARB3) shows that the polyelectrolyte complexes are organized
40 : . ; : . into a network of wormlike structures, which are-8000 hm
3 4 5 6 7 long and have nodules with a diameter of about 20 nm over
pH the full length. The surface pattern of CH5/CARS3 at the same
o B number of deposited layers was very similar (data not shown),
but the surface coverage was visibly higher and the size of
nodules varied in broader range. The rms roughness of the
—O0—4DL +CH multilayers formed under periodically varying pH conditions
—O—8DL +CH (CHS5/CH3) was notably higher than when formed at constant
B pH 3 (CH3/CAR3)—12.18 + 0.85 and 7.29+ 0.17 nm,
respectively.

3.2.4. XPSAIl coatings showed similar C 1s spectra (Figure
8) regardless of the mode of deposition, typical for polysac-
charides and containing six component peaks5, C, D, X1,
and X2). Photoelectrons of saturated hydrocarbo@gHy)
contribute to component pe#k(285.0 eV). Since the employed

3 4 5 6 polysaccharides do not possess any saturated hydrocarbons, peak

pH A must be attributed to carbon contamination, common for all

Figure 6. Electrokinetic properties of multilayers of chitosan (CHx)/ surfaces. The two peaks(286.8 eV) and (287.9 eV) appear

x-carrageenan (CARY) multilayers as a function of pH. xand y denote from the C—OH and G-C—O groups of the saccharide unit,

the pH during chitosan or carrageenan deposition: (A) CH5/CARS3, respectively, and their ratio is in agreement with their stoichio-

(B) CH3/CARS. metric ratio in chitin (D[ C]|stoi.chitin = 0.25) and carrageenan

([D)[Cllstoi.car= 0.2). Two further component peaks X1 (288.1

eV) and X2 (289.1 eV) contribute to the C 1s spectra and are

due to oxidized saccharide species (e.g., ketadGDA@H groups)

and nonhydrolyzed chitin speciesC—NH—C=0, respectively.

All samples show a pronounced component pBa&t 285.9

¢-potential, mV

{-potential, mV

tive polyelectrolyte layers typically results in periodic oscillation
of the ¢-potentiat* with a possible decrease in amplitude after
deposition of a significant number of double layéts.

Unlike most previously reported multilayers systems formed
!oy Q|ﬁerent polyelectrqute pairs k.)undup at medium and high eV. Its origin is theC—N bond of the chitosan’s amine groups
ionic strength, adsorption of the first chitosan layer from 0.15 and the residual amide groups<C—NH—C=0—

M NaCl solution at pH= 3—5 did not raise th&-potential of 9 )

the glass slides to values close to those of chitosan in solution _TN€ S 2p spectra are composed of $:2pnd S 2p;; peaks
(+40 mV), and the surface IEP was also significantly lower (Flgur(_a 8), both of each represent sulfur in its hl_ghest oxidation
than expected at complete surface coverage by polycations withState; i-€., sulfate-O—S05™. The N 1s spectra (Figure 8) show

a pKa of about 6. Nevertheless, the resulting surface properties the presence of two component peaks indicating aminblid,
were significantly different from those of the bare substratum, Or/and amide nitrogen-€NH—C=O (component peak F) and
and the IEP of the surface was shifted to pH 3.3 and pH 4 for Protonated amine (ammonium) speciesHs" (component
chitosan layers adsorbed from solutions at pH 3 and 5, peak G). Interestl_ngly, ammonium species clearly domlngte in
respectively. thg present coatings, demonstrating that the comblnatlor! of

Figure 6 shows a significant difference in the evolution of Cchitosan with a strong polyelectrolyte as carrageen results in a
the ¢-potential for multilayers assembled at different pH Permanent protonatlon.of thg amino groups in chitosan. Obvi-
conditions. The effect of the underlying substratum for CH5/ ©usly, the completely dissociated sulfate groups of carrageenan
CAR3 is limited to four double layers, whereas it extends to at Stabilize the ammonium ions-O0—S0;™++-Hs"N—) and prevent
least eight double layers for CH3/CAR3. A further increase in the proton donation as well as the charge neutralization by
the number of deposited double layers results in periodic Simple electrolyte anions.
oscillations of¢-potentials, typical for multilayered systems. It Table 1 shows that the surface chemistry is independent of
should be noted that even at complete surface coverage, thehe number of deposited double layers, and although two double
C-potential of the chitosan-terminated layer is still lower than layers do not fully cover the substratum surface, formation of
the ¢-potential of chitosan in solution. The IEP of the multi- —O—S0;---H3tN— ion pairs is clearly indicated. Stoichiom-
layered systems range between pH 5 and 5.5, possibly indicatingetry of polyelectrolytes interaction in multilayers accessed via
a contribution of the sulfo groups af-carrageenan. The pH  calculation of N/S ratio was close to 1:1 for the system CH5/
dependence of thé&-potentials ofk-carrageenan-terminated CAR3, whereas for the system CH3/CAR3, the N/S the ratio
multilayers (Figure 6A) can be accounted for similar effects of was close to unity only for 2 DL (double layers) (Table 1).
the chitosan amino groups on the final surface properties Evidently, deviations from charge stoichiometry during complex
due to high degree of polymers interpenetration within the formation are typical for pairs of polyelectrolytes differing in
double layer. charge densit§® among others due to a mismatch in intercha&gv
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Figure 7. Representative SFM images (from left to right, height mode, phase mode, cross section) of chitosan/k-carrageenan multilayers
formed at pH 3 and terminated with chitosan (CH3/CAR3): (A) 2 DL (double layers), (B) 8 DL, (C) 12 DL.

distance for chitosan andcarrageenan (approximately every 3.2.5. Swelling and Stability in PBS Buffd@he importance
second saccharide unit af-carrageenan is uncharged, see of swelling and hydration of the polymeric films for their
Figure 1). interactions with living cells was emphasized by several research
The fact that the stoichiometry of chitosan/carrageenan groupst®!24” Regardless of preparation conditions, ellipso-
polyelectrolyte complexes formed in solution was close to metrically measured thicknesses of chitogsazdrrageenan mul-
unity®3 does not imply that this correlation should hold for the tilayers increased in PBS buffer up to 150% that implies higher
surface complexes, when interactions are strongly vectored byhydrophility of multilayered coatings as compared to covalently
conformation of the first adsorbed polymer layer. Results of grafted chitosan layers. Although it was also attempted to
ellipsometry, electrokinetic measurements, and SFM show thatdetermine the kinetics of swelling by “in situ” ellipsometry,
chitosan adsorbed at pH 3 forms a very thin layer assuming swelling occurred too fast in comparison with the time required
complete coverage by a stretched conformation of fully ionized to align the ellipsometer. Nevertheless, on the basis of these
po]ye|ectr0|yte and Strong Segme-rgurface interactions. The experiments, it can be concluded that bacterial adhesion was
thickness increment per double layer is also significantly lower carried out (see section 3.3) on completely swollen multilayers.
for CH3/CAR3 than for CH3/CARS. Thus, complex formation ~ After 7 days of immersion of the multilayers in PBS, no
in the former case occurs in more confined conditions when significant changes in film thickness were demonstrated by
the lack of conformational freedom of adsorbed polymer does ellipsometry on dried films. Such high stability is typical for
not allow one-to-one pairing of charged groups as possible in polyelectrolyte multilayers due to the strong electrostatic
solution. Bulky uncharged units af-carrageenan can screen interactions of the constituent components in the 4t and
amino groups of chitosan before the surface charge neutraliza-has also been observed at physiological temperéture.
tion is reached. As a result, CH3/CAR3 multilayers can have  3.3. Antiadhesive and Antibacterial Properties of Chito-
excessive content of chitosan. san-Containing Coatings.The majority of studies on antibact&-DV
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Figure 8. C 1s, N 1s, and S 2p XPS spectra of chitosan (CHx)/k-carrageenan (CARy) multilayers (8 DL) prepared onto silicon wafer
substrates: CH3/CARS3 (a), CH5/CAR3 (b). x and y denote the pH during chitosan or carrageenan deposition.

rial properties of polymers and fibers grafted with chitosan were must be attributed to the highly hydrated state of both PEO-
performed in suspension, where the viability of planktonic polymer brushes and the present chitosan coatings. It should
bacteria is evaluated as a function of the immersion time of the be noted that these extremely low numbers of adhering bacteria
modified substratum in the suspension. Typically, changes in on the chitosan coatings cause large standard deviations in
dead/live ratio of the planktonic bacteria in suspension were microscopic enumeration, as applied here. Since the microscopic
observed after 23 h of immersiorf-16.18Suspension testing of ~ field of view is already maximized and cannot be further
biomaterials coatings, however, is highly inappropriate for increased due to the magnification required for visualization of
several reasons. First, infection of implants is a surface bacteria, only 16-20 bacteria are actually counted in one field
associated problem and bacteria in a biofilm mode of growth of view for chitosan-coated substrata.
may both phenotypically as well as genotypically differ from Although there were no significant differences in antiadhesive
their planktonic counterparts in suspension. Second, suspensiorperformance between the differently terminated multilayers, nor
testing relies on the release of chitosan during immersion, which between the two different covalently grafted layers, the anti-
leaves the surface of the implant unprotected. Moreover, our adhesive performance of covalently grafted chitosan layers
coating efforts were aimed at irreversibility. Therefore, we (PEMAh—CH) in general was worse than that of chitogan/
studied the efficacy of the coatings in terms of antiadhesivity carrageenan multilayers independently on pH of chitosan
and killing upon contact. Choice of two clinically isolated strains deposition. Statistical analyses over the averaged data for the
of E. faecalis(BS11297 and BS385) for evaluation of antiad- different multilayers and grafted layers demonstrate that the
hesive and antibacterial properties of chitosan-based coatinganultilayers are significantly less adhesive than grafted layers
was determined by a high relevance of these strains in clogging(p < 0.01, Student test). At the same time, average viabilities
of biliary stents. Prevention of biofilm formation and subsequent of adheringE. faecalisBS385 andE. faecalisBS11297 were
clogging of stents requires development of a surface modifica- lower (p < 0.001 ando < 0.05, respectively, Studentest) for
tion strategy which, first of all, minimizes bacterial adhesion grafted PEMAR-CH coatings than for chitosan-terminated
and, preferably, reduces bacterial viability at the surface. multilayers and for both strains always significantly reduced
Although chitosan is often claimed to be a polymer with good with respect to glassp(< 0.01, Student test). Taking into
antibacterial properties, it shows very high strain selectivity with account the previous finding8;*” we suggest that the lower
minimum growth inhibitory concentrations varying within 2  swelling degree of grafted chitosan layers was the main reason
orders of magnitudé& We have previously reported that the for the higher bacterial deposition rates on these substrata.
two enterococcal strains involved in this study differed in cell ~ The initial bacterial deposition rates of both strains on CH5/
surface charge and show different ability to adhere to a CAR3 are somewhat higher than on CH3/CAR3 multilayers,
negatively charged surfaé®Thus, it is important to compare  which may relate with higher surface roughness of the former
how coating of the surface with chitosan or chitogan/  multilayers, since surfaces with lower roughness generally
carrageenan multilayers affect adhesion behavior and viability exhibit lower adhesivity! Although variation of pH during
of both strains. multilayers buildup allowed control of the thickness increment
Table 2 demonstrates that all chitosan coatings preparedper double layer, it influenced neither swelling behavior nor
yielded significant decreases in initial bacterial deposition rates the initial bacterial deposition rates of the strains. Likely the
as well as in the number of bacteria adhering in a more advancednitial bacterial deposition rates are more strongly controlled
state of the adhesion process as compared with uncoated glasby the nature of the terminating polymer, although literature
(p < 0.01, Student test). These decreases are generally much data are somewhat conflicting on this point. Hyaluronan-
(1—2 log units) larger than observed for hydrophobic or other terminated chitosan/hyaluronan multilayers yielded adhesion of
coatings and approach those found for polymer brukadsch Escherichiae colidependent on the nature of the terminating
suggests, considering the different chemistries involved in both polymer!2 but adhesion of NR6WT fibroblasts on polycation-
types of coatings, that these reductions in bacterial adhesionand polyanion-terminated multilayéfsvas independent of th&DV
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Table 2. Adhesion of E. faecalis Strains (fp Is the Initial Bacterial Deposition Rate and Ni, Represents the Number of Adhering Bacteria
after 1 h) and Their Viability on Multilayers of Chitosan (CHx)/k-Carrageenan (CARyY) and Surface-Grafted Chitosans PEMAh—CH?

E. faecalis BS385 E. faecalis BS11297
Jo Nin viability Jo Nin viability
l/cm? s 10%/cm? % 1l/cm? s 108/cm? %
Multilayers

CH3/CARS3 36 + 21° 0.06 4+ 0.03? 88+5 45 + 100 0.12 4+ 0.04° 79 +£ 13
chitosan-terminated

CH3/CARS3 17 +£1b 0.04 4+ 0.02° 92+8 26 + 4b 0.08 + 0.04° 92+3
carrageenan-terminated

CH5/CAR3 115 + 67 0.11 4+ 0.09? 89 +4 63 + 33 0.13 4+ 0.06° 85+ 8
chitosan-terminated

CH5/CAR3 56 + 35° 0.07 4+ 0.03% 86 + 10 25 £ 7b 0.07 + 0.03% 96 + 2
carrageenan-terminated

average for 59 + 56¢ 0.07 + 0.06¢ 87 +7¢ 40 + 23¢ 0.10 + 0.04¢ 88 + 10
multilayers

Covalently Grafted Layers

PEMAh—CH, 149 + 75b 0.31 4+ 0.43% 73+ 09 296 + 133b 0.15 4+ 0.03% 78 +£ 15
pH=3

PEMAh—CH, 183 4+ 109 0.30 4+ 0.03? 36 + 220 301 + 137b 0.22 + 0.07° 76 £3b
pH=5

average for 163 + 84 0.31+0.31 54 + 25 298 + 121 0.19 + 0.06 77 +£11

grafted layers

Glass (Control)
1260 + 333 3.57 £0.12 93+5 1018 + 336 0.93 +0.38 97 +£2

2 x and y denote the pH during chitosan or carrageenan deposition; + represents the SD over triplicate experiments with separately prepared coatings
and different bacterial cultures. ? Significantly different from data on glass (p < 0.01, Student t test). ¢ Significantly different from averages for grafted
layers (p < 0.01, Student ¢ test).

ionic nature of the terminating polymer. Our data show that against strains dE. faecalis Covalently grafted chitosan layers

the enterococcal initial deposition rate was about twice lower were prepared using a highly reactive copolymer of maleic acid

for k-carrageenan-terminated than for chitosan-terminated mul- anhydride. Multilayers were built up from chitosan and sulfo-

tilayers (Table 2), which is most likely associated with a stronger polysaccharidec-carrageenan. Coatings differed in thickness

electrostatic repulsion between negatively charged sulfo groups(100-170 nm for multilayers and 1718 nm for covalently

of k-carrageenan and negatively charged bacterial cell surfacesgrafted layers), morphology, swelling behavior, and surface
Adhesion to highly hydrated surfaces may cause the adheringchemistry.

bacteria to remain in a more planktonic state and prevent Chitosané-carrageenan multilayers exhibited an exponential
transition to a more resistant biofilm mode of growthCar- type of growth with pH-dependent thickness increment per
rageenan-terminated multilayers caused very little bacterial gouble layer. The thinner films of highly interpenetrated
death, and the viability of the adhering bacteria was very close polymers were obtained when both polyelectrolytes were
to the one found on glass (control). Oppositely, on chitosan- adsorbed at pH 3. Increase of deposition pH up to 5 accelerated
terminated multilayers, a higher proportion of dead bacteria was fjlm growth, but the highest thickness increment was achieved
found afte 1 h of contact. This implies that despite the often by changing the deposition pH from 5 down to 3 for chitosan
reported loss of chitosan antibacterial function with deproto- andx-carrageenan adsorption steps, respectively. Amino groups
nation of amino groups in solution at pH 6:3,'> moderate  of chitosan in multilayers are predominately in a protonated
antibacterial efficacy remains under physiological conditions, state, confirming their strong ion pairing with sulfo groups of
i.e., in PBS and at pH 7. Chitosancarrageen multilayers  ,_carrageenan, in contrast to amino groups of covalently

combine chitosan as a rather weak polyelectrolyte with the grafted chitosan, which were predominately in a deprotonated
strong polyelectrolyte carrageenan. Under physiological condi- gtate.

tions, the sulfo groups of carrageenan are completely dissociated
and can form ion pairs-O—SG0;™+--Hz"™N— with amino groups

of chitosan that can stabilize its cationic charge over broader
pH range and contribute to its antibacterial activity at elevated
pH values.

Therewith, the ultimate efficacy of our multilayers remains
an interesting interplay between the promoting effect of the
cationically charged groups on adhesion of negatively charged
bacteria and on the other hand, their antibacterial effects.

Surface roughness increased with increasing number of
deposited double layers and was higher for chitosaafrag-
eenan multilayers formed under stepwise variation of pH (from
pH 5 to pH 3). Decreases in initial adhesion rates as well as in
the numbers of bacteria adhered afieh were observed on
both types of chitosan coatings. However, the antiadhesive
properties of multilayers were remarkably better compared to
less hydrated, covalently grafted chitosan layers. The initial
deposition rates of botk. faecalisstrains were about twice
lower onk-carrageenan-terminated than on chitosan-terminated
4. Conclusions multilayers, while an antibacterial effect of the coatings was
observed only in the latter case. Thus, highly hydrated chitosan/
In this paper, we have compared the antiadhesive andk-carrageenan multilayers represent a promising system for
antibacterial properties of two types of chitosan-based coatingsdevelopment of antiadhesive coatings on biomaterials sur@&]
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which are in addition bioinert or show mild antibacterial
properties depending on the nature of terminating polymer.
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