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In the last few years, chitosan-based coatings have been proposed as antibacterial surfaces for biomed-
ical devices in order to prevent nosocomial infections. In that sense, this work reports the optimized
synthesis of hyaluronan/chitosan (HA/CHI) nanofilms assembled layer-by-layer in order to maximize the
antibacterial effect for two important human pathogenic bacteria, Staphylococcus aureus and Pseudomonas
aeruginosa. In this assembly, HA forms a soft, highly hydrated, and nontoxic film, whereas CHI shows the
antimicrobial characteristics. Our HA/CHI nanofilm synthesis optimization was based on changing pH
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also enhanced by increasing the number of HA/CHI bilayers. The antibacterial effect of HA/CHI nanofilms
was evaluated by the spread plate counting method for both bacteria. These results were correlated
with the morphology of nanofilms (characterized using SEM and AFM), as well as with their chemical
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properties studied by UV-vis, Kelvin Probe Force microscopy and XPS spectroscopy.

© 2016 Elsevier B.V. All rights reserved.

1. Introduction

Nosocomial infections are those developed in patients during
their stay in a hospital. Such infections occur in 5-10% of all hospi-
talizations in Europe and North America; this percentage, however,
reaches more than 40% in parts of Asia, Latin America, and sub-
Saharan Africa [1]. Nosocomial infections are generally caused
by opportunistic microorganisms, among which the most preva-
lent Gram-positive bacteria are different strains of Staphylococcus
aureus and Enterococcus genus [2]. The most predominant Gram-
negative bacteria are Pseudomonas aeruginosa, Stenotrophomonas
maltophilia, Enterobacteriaceae family and Acinetobacter genus [2].
Both S. aureus and P. aeruginosa have become the most important
cause of nosocomial infections in recent years. Their pathogenicity
is mainly due to the ability to form biofilms on biomedical devices
and prosthesis [3,4]. In the latter case, thin surface coatings for both
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attachment reduction and larger bacterial killing rates are manda-
tory [5].

Due to its antibacterial properties, biocompatibility and
biodegradability, chitosan (CHI) is an excellent alternative to coat
biomedical devices to prevent nosocomial infections [6]. It has been
successfully used against both gram-negative and gram-positive
bacteria [7]. Two mechanisms have been proposed as the main
cause of antibacterial action by CHI. One is that the polycationic
nature of chitosan interferes with bacterial metabolism by electro-
static interactions at the negatively charged cell surface of bacteria,
and the other one is blocking of transcription of RNA from DNA by
adsorption of penetrated CHI to DNA molecules [7].

In the last years, different chitosan-based nanofilms assembled
layer-by-layer (LbL) have been used as antibacterial coatings, either
as a single, pristine film [5,8-10] or enhanced with antimicro-
bial species, such as peptides [11,12] or silver nanoparticles [13].
The simplicity, versatility, and nanoscale control that LbL assem-
bly provides make it one of the most widely used technologies for
coatings applied in biomedicine and other fields [14]. LbLis a simple
bottom-up technique, which consists of alternating physisorption


dx.doi.org/10.1016/j.colsurfb.2016.02.028
http://www.sciencedirect.com/science/journal/09277765
http://www.elsevier.com/locate/colsurfb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.colsurfb.2016.02.028&domain=pdf
mailto:jacobo@ifi.unicamp.br
dx.doi.org/10.1016/j.colsurfb.2016.02.028

500 J. Hernandez-Montelongo et al. / Colloids and Surfaces B: Biointerfaces 141 (2016) 499-506

of oppositely charged polyelectrolytes. For biomedical applications,
the hyaluronan (HA, a polyanion) can be used in combination with
CHI (a polycation) for the synthesis of antibacterial coatings by the
LbL technique: HA forms a soft, highly hydrated, and nontoxic film,
whereas CHI has the antimicrobial characteristics [10].

Previous works have assembled HA and CHI by LbL for biomed-
ical applications. Richert et al. [15] studied the influence of salt
concentration, Chua et al. [11] coupled HA/CHI films with surface-
immobilized cell-adhesive arginine-glycine-aspartic acid (RGD)
peptide, and Cui et al. [16] quaternized CHI with glycidyltrimethy-
lammonium chloride (GTMAC) to build up microcapsules. Richert
etal.[15] obtained an 80% reduction of E. coli adhesion after 30 min
of cell culture. In the case of Chua et al. [11] and Cui et al. [16], for
a cell culture of 4 h, they reported an 80% decreasing of S. aureus
and ~100% reduction of Escherichia coli, respectively. In our work,
we focus on the synthesis and optimization of the antibacterial
effect up to 8 h of culture of HA/CHI nanofilms assembled by LbL.
Optimization was performed by varying specific pH values of poly-
electrolyte solutions, which control the ionization degree of each
biopolymer. Moreover, due to the exponential growth trend exhib-
ited by the thickness of our nanofilms, the surface density of amino
groups, which are associated with the antibacterial effect, was also
enhanced by increasing the number of HA/CHI bilayers. Surface
properties of HA/CHI assemblies were monitored in each alternat-
ing deposition; the final physicochemical properties of our samples
were correlated with their antibacterial effect against the human
pathogenic microorganisms S. aureus and P. aeruginosa.

2. Materials and methods
2.1. Materials

Polyethylenimine (PEI, 50wt.% solution in water,
Myw ~ 7.5 x 10° g/mol), hyaluronic acid sodium salt (HA, from Strep-
tococcus equi sp, My ~ 1.58 x 108 g/mol), chitosan (CHI, 75-85%
deacetylated, low My ~5 x 104 g/mol), methylene blue (MB,
Mw ~373.90g/mol), and rose Bengal (RB, My ~1017.64 g/mol)
were purchased from Sigma-Aldrich, USA. Sodium hydroxide
(NaOH), sodium chloride (NaCl), and hydrochloric acid (HCl) were
purchased from Synth Brazil. All chemicals were used without fur-
ther purification, and solutions were prepared using Milli-Q water
with resistivity of 18.2MQcm (pH ~7.6, otherwise mentioned).
Silicon (Si) wafers with <100> orientation were used as substrates
and purchased from University Wafer, USA.

2.2. Polyelectrolyte solutions

Polyelectrolyte solutions were prepared by dissolving the
respective polymer in Milli-Q water at concentrations of 1% (w/v).
PEI was dissolved in a 0.5 M NaCl solution and its pH was adjusted
to 4. HA and CHI were dissolved in a 0.17 M NaCl solution and their
pH was adjusted at three different values: 4.5, 3 and 2. The CHI solu-
tion was also prepared with 100 mM glacial acetic acid. All solutions
were stirred overnight and their pH values were adjusted with a
0.1 M HCl and/or NaOH solution.

2.3. Substrate preparation

Si substrates were cleaned by ultra-sonication for a period of
15min each in acetone, isopropanol and distilled water, respec-
tively. Afterwards, Si wafers were dried under N, flow and
subsequently treated with O, plasma at 100 mTorr for 15 min
(720V DC, 25mA DC, 18 W; Harrick Plasma Cleaner, PDC-32G).
A single PEI pre-layer was deposited onto the substrates using
an automatic dipping procedure (LbL Nanostructure Pro, ECSIA
NanoScience, Brazil) with constant stirring under room conditions.

Substrates were immersed in the PEI solution for 15 min, followed
by three consecutive Milli-Q water rinse steps of 2, 1 and 1 min,
respectively. The pH of water rinse was previously adjusted at 4.

2.4. Polyelectrolyte multilayer assembly

Substrates were alternately immersed in HA and CHI solutions
for 15 min; each layer was followed by three consecutive Milli-Q
water rinse steps of 2, 1 and 1 min, respectively. HA/CHI nanofilms
were assembled on substrates by LbL using the previous mentioned
automatic dipping equipment under ambient conditions and con-
stant stirring. The pH of the polyelectrolytes and rinsing water was
adjusted according to the respective assembling conditions. The
LbL procedure was repeated for three or nine cycles in each case,
with the CHI coating on the top.

2.5. Physicochemical characterization

HA/CHI assemblies were monitored by measuring their respec-
tive water contact angle in each alternating deposition. A contact
angle goniometer Easy DropDSA-150 goniometer Kriiss (Germany)
was used in the static sessile drop mode. The morphologies of
the samples were observed by field-emission scanning electron
microscopy (FESEM; model F50, FEI Inspect) operated with a tilt
of 45° at 2keV. Prior to examination, samples were coated with
sputtered gold to prevent electrical charging.

The topography of the nanofilms was acquired by atomic
force microscopy (AFM) using a Keysight equipment Model5500
(Keysight Technologies, Chandler, AZ, USA). Images were acquired
in tapping mode in air using conical Si tips with a typical tip radius
of 10nm and tip length of ~20 wm (MPP-21120-10, Veeco, NY,
USA). The spring constant and resonance frequency were typically
3Nm~! and 75-95 kHz, respectively. To evaluate the roughness of
the surface, the root-mean-squared roughness (Rgys) was deter-
mined over 5 x 5 um? areas for each sample.

Surface potential was assessed by Kelvin Probe Force
Microscopy (KPFM) measurements, acquired simultaneously with
topography in tapping mode under N, flow using Pt-coated Si
tips (SCM-PIT/Pt, Bruker, CA, USA). The spring constant and reso-
nance frequency of the tips were typically 3Nm~! and 75-95 kHz,
respectively. All AFM and KPFM images, thickness measurement,
roughness calculations and surface potential analysis were pro-
cessed using freely available software (Gwyddion V. 2.37).

To evaluate the presence of free carboxylic and amino groups in
PEMs, samples were immersed in MB and RB solutions, followed by
three consecutive Milli-Q water rinse steps of 2, 1 and 1 min, respec-
tively. Subsequently, stains from both sides of the slides (6 cm? of
total area) were removed for UV-vis spectroscopy measurements
on absorbance mode. Samples with MB were immersed in a solu-
tion of glacial acetic acid at 5% (v/v), and samples with RB were
immersed in a solution of 1M NaOH. MB and RB absorbance val-
ues were detected at 663 nm and 545 nm, respectively, by using a
UV-vis VarianCary 1 G (Agilent Technologies, USA). Measurements
were normalized by the sample total area.

Surface chemical composition was determined by X-ray pho-
toelectron spectroscopy (XPS). A surface analysis system (SPECS,
Germany) equipped with a Phoibos 150 electron analyzer was used
for the measurements. The monochromatized Aluminum radiation
(1486.6 eV) with the output power set at 380 W was used for the
analyses of all samples. The C1s signal (284.6 eV) was employed as
the reference to calibrate the binding energies (BE) of different ele-
ments in order to correct the charge effect. CasaXPS software was
used to analyze all XPS data. Surface atomic concentrations in the
samples were estimated using the instrument sensitivity factors to
scale for the calculated photoelectron peak areas.
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2.6. Bacterial adhesion assays

In order to test the antibacterial properties of nanofilms, S.
aureus (ATCC 25933) and P. aeruginosa (ATCC 27853) bacteria cul-
tures were performed in the laboratories of IPEL Itibanyl Products
Special Ltda. Bacterial adhesion experiments were run in a biologi-
cal safety cabinet (VLFS-12, Veco), in a positive pressure controlled
room. Bacterial inocula at 1 x 106 CFU m/L were used for the exper-
iments as initial concentration for culture in tryptic soy broth (TSB)
medium. The samples were incubated in duplicate for 4 and 8 h in
a bacterial incubator (model AP-22, Phoenix) at 36 °C without cul-
ture media replacement. Bacterial cell counting was performed by
the dilution plating technique [5]. After specified bacteria culture
times (4 or 8 h), the culture medium was removed to interrupt all
growth; the samples were subsequently washed three times with
deionized water to remove the constituents of the culture medium
as well as non-attached cells and biofilms completely. Then, the
samples were submitted to ultra-sonication in phosphate buffered
saline solution (PBS) to remove the attached cells and they were
consecutively diluted with PBS in (1:9 v/v) proportions. Aliquots of
0.2 mL of the obtained cell suspensions were then plated in tripli-
cate onto solid agar medium using the spread plate method. After
incubating for 24 h, the number of bacteria colonies was counted
and the results, after multiplication by the dilution factor, were
expressed as mean colony forming units (CFU) per cm?. The aver-
age value was reported as mean 4 SD of three measurements from
triplicate cultures. Data were analyzed with Statgraphics Centurion
XV software. The statistical difference was established using anal-
ysis of variance (ANOVA) multifactorial model; p-values of 0.05 or
less were considered statistically significant.

3. Results and discussion

Si substrate preparation was evaluated by measuring the water
contact angle after each step (Fig. S1). After plasma treatment,
cleaned samples changed their wettability into a strong hydrophilic
behavior, from 54° to 16°, due to the silanol groups formed by
plasma oxidation [17,18]. In the same sense, after PEI deposition,
samples changed their wettability into a more hydrophobic behav-
ior, from 16° to 80°. This is because PEI is a highly positive charged
polycation, which readily attaches to oxidized surfaces [19]. As
PEI provides a more homogeneous electrical charge distribution
onto the substrate surface [20], subsequent multilayer deposition
is expected to be uniform as well.

We have calculated the ionization degree of each biopoly-
mer for each pH value by means of the Henderson-Hasselbalch
equation (pH=pKj, +log(non-protonated species [A~]/protonated
species [HA])) [21] and the corresponding pK, values of HA and
CHI, 3 and 6.5, respectively [22]. HA and CHI were assembled by LbL
at pH lower than 5 (4.5, 3 and 2) to keep CHI totally ionized since
the ionized amino groups are strongly related to the antibacterial
effect in HA/CHI nanofilms [ 10]. However, the HA ionization degree
is very susceptible to acid pH values: at pH 4.5, HA is 100% ionized;
at pH 3, HAis 50% ionized; and at pH 2, HA is just 9% ionized. Thus, a
detailed physicochemical characterization is necessary to address
the influence of these three considerably different degrees of HA
ionization while holding CHI completely ionized.

HA and CHI assemblings were monitored by measuring their
respective water contact angle and roughness in each outermost
layer (Fig. 1A). Zig-zag profiles in the water contact angle mea-
surements are formed because the respective functional groups of
each biopolymer modulate the wettability behavior [10]; HA coat-
ings with carboxylic groups are more hydrophilic than CHI coatings
with amine groups. Our measurements show that the largest con-
tact angles are observed for the films assembled at pH 4.5, while the

smallest angles were shown by the films assembled at pH 2. Accord-
ing to previous works [5,23], highly charged polymer chains tend to
be adsorbed as thin layers with flat chain conformations, while the
less charged polymer chains adsorb as thicker, loopier-type struc-
tures. According to this model, a thin flat and ionized chain of HA
at pH 4.5 would interact strongly with the previous hydrophobic
PEI coating, reducing slightly the water angle contact from 80° to
58°. Contrarily, the thicker, loopier-type and less charged chain of
HA at pH 2 would interact weakly with the PEI layer; in that case,
HA would be more exposed on the surface, reducing significantly
the water angle contact from 80° to 31°. An intermediate value for
the case of HA layer at pH 3 is due to partial chain ionization.

Fig. 1A also shows the roughness of each outermost layer, and
their corresponding 3D-AFM images are presented in Fig. S2. In
the case of HA/CHI assemblies at pH 4.5 and 3, the root mean
square roughness (Rgys) increased as a function of the number of
bilayers. Nevertheless, the sample synthetized at pH 2 presented
a constant low Rgys value (~1nm). At pH 4.5 and 3, the poly-
mer chains would be ionized and the consequent extended layers
formed would then originate the corrugated coatings. Although
both samples presented similar Rgys values in the last layer, the
mean grain size attained at pH 3 was higher than that at pH 4.5,
around 190 and 120 nm, respectively (Fig. 1B). This can be explained
due to the partial ionization of HA at pH 3, which prevents larger CHI
integration into the nanofilms. This effect, in turn, generates grain
swelling. In the case of pH 2, it is important to highlight the slight
zig-zag observed in the Rgys profile, with the higher (lower) Rguvs
values for the HA (CHI) layers, respectively. This behavior suggests
that the non-ionized, loopier-type structures of HA at pH 2 would
form somewhat rough coatings, which would be smoothen out by
the totally ionized and extended CHI chains. This effect is indeed
observed in the AFM images as a function of the thickness, as shown
in Fig. S2.

The morphology of the samples was also observed by FESEM
(Fig. 1C). Samples obtained at pH 4.5 and 3 presented round fea-
tures on the surface, which agree with AFM topography. The sample
prepared at pH 2 showed a smoother surface with few small parti-
cles. This morphology also corresponded very well with its previous
topography analysis by AFM.

In order to evaluate the sample thickness by AFM, we have
removed a partial section of the nanofilm, forming a step between
the Si substrate and the top CHI coating (Fig. S3). The thickness val-
ues thus obtained were 10 (42), 20 (£5) and 15 (+3)nm for pH
4.5, pH 3 and pH 2, respectively, and were regulated by the ion-
ization degree. In all three samples, pre-layer of PEI was very thin,
with a thickness of 1.2 (+0.2) nm. At pH 4.5, both HA and CHI are
totally ionized forming a very well integrated film. For pH 3 and
pH 2, samples are thicker due to their lower ionization degree. This
partial repulsion produces swelling of the films.

UV-vis spectroscopy of HA/CHI assemblies allowed us to mea-
sure free carboxylic and amino groups in our samples (Fig. 2A).
Using oppositely charged stains, methylene blue (MB, positively
charged) and rose Bengal (RB, negatively charged), free carboxylic
groups of HA (negatively charged) and free ammonium groups of
CHI (positively charged) were detected, respectively [10]. In the
case of samples obtained at pH 4.5 and 3, clear zig-zag profiles are
observed in the absorbance measurements. As expected, MB stain
adsorption was more effective in HA than CHI layers (half vs inte-
ger number of bilayers, respectively). The opposite behavior was
observed for the RB stain, with lower absorbance in HA than CHI
layers. The pH 4.5 samples presented lower absorbance than pH
3, for both stains, because HA and CHI layers are very well inte-
grated. As both biopolymers are totally ionized, free carboxylic and
amine groups are not available to be attached with their respective
stains. In the case of the pH 3 sample, a higher progressive accumu-
lation of absorbance for both stains along the bilayers is observed.
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This is explained by the partial ionization of HA, and the result-
ing lower attraction between HA and CHI layers, leaving more free
ammonium groups available to the stain. However, the pH 2 sample
did not follow the previous trend: at lower pH of assembly, stain
absorbance is higher. This is probably due to the low ionization
of HA layers of the pH 2 sample, which prevents a homogeneous
attachment to the surface; subsequently, the unionized chains of
HA would not be available to interact with CHI layers, even when
CHI is totally ionized. Based on the previous surface physicochem-
ical characterizations, a schematic model of the HA/CHI nanofilms
formation as a function of the pH of assembly is presented in Fig. 2B.

The antibacterial effect of the obtained HA/CHI nanofilms was
then tested with both types of bacteria, S. aureus and P. aeruginosa
(Fig. 3). It seems very clear that the S.aureus bacteria were very
sensitive to the surface of nanofilms assembled at different pH.
Compared to the control sample (Si substrate), the pH 4.5 sam-
ple reduced bacterial density by 1 and 2 orders of magnitude of
CFU/cm?2 at 4 and 8h of cell culture, respectively. The antibacte-
rial effect of the pH 3 sample was more impressive for both culture
times, reducing cell density by 3 orders of magnitude for 4h and 5
orders for 8 h. In the case of pH 2, no reduction of the bacterial den-
sity was observed for both culture times. This could be explained
by the schematics in Fig. 2B. With the low CHI density at the sample
top layer, the HA would be exposed, promoting cell adhesion [24].
The response of bacteria growth on our samples provides support
to the hypothesis that free ammonium groups on the top CHI layer
rule the antibacterial effect. However, in the case of P. aeruginosa
cultures for 4h, pH 4.5 and pH 3 samples did not show impor-
tant antibacterial effect; bacteria have grown at slightly lower rates
when compared to the Si substrate. Nevertheless, these samples
could reduce the P.aeruginosa density by 1 order of magnitude of
CFU/cm? at 8 h of culture. For the pH 2 sample, as the case of the S.
aureus assay, the bacterial density was unaltered for both culture
times.

Due to the encouraging results against S. aureus, the evolu-
tion of the surface chemistry of the pH 3 sample was studied by
XPS. The C1s and N1s core level spectra of first HA layer, sub-
sequent CHI layer (HA/CHI), and HA/CHI layer after three cycles
((HA/CHI)3) are shown in Fig. 4A. The Cls envelope can be fit-
ted with four components corresponding to C—C/CH (284.5eV),
C—0 (286.0eV), C=0/0—C—0 (287.5eV) and COO—(289.2eV) [25],
which are related to both biopolymers, HA and CHI [26]. Quanti-
tative composition analyses, obtained from the relative intensities
of the peaks, are shown in Table 1. The ionized carboxylic group
(COO™) relative intensity in the first HA layer (5.8%) is reduced
to 3.6% due to CHI incorporation, and a further reduction to 1.6%
in (HA/CHI)3 due to the deposition of subsequent layers. In the
N1s core level spectra, the chemical evolution of samples was also
observed. The fitting curve analysis for the first HA layer presented
adominant composition of amine groups (NH> ), due to the PEl layer
(Fig.S4A), and a low percentage of ammonium groups (NH3*). After
CHI deposition, NH3* increased from 10.5% to 43% (Table 1). The
presence of NHs* groups is also significantly higher in the (HA/CHI)3
layer with 34%. Additionally, it is important to mention that, in
the HA/CHI layer, the extra =N— group detected is related to the
crosslinking of CHI with PEI [27], which was not longer observed
in the (HA/CHI)3 layer. These results suggest that the presence
of amine and ammonium groups exposed on the surface are the
main cause for the antibacterial effect. In order to confirm these
results, XPS analyses on the pH 4.5 sample was also performed;
Fig. 4B shows the deconvolution of its N1s core level spectrum.
The spectrum presented three components corresponding to NH,
(399.1eV), —NHCO (400.5 eV) and NH3* (401.8 eV) [28]. The amine
(NH>) and ammonium (NH3*) peaks originate from CHI, and the
amide (—NHCO) peak from HA [10]. This agrees with our schematic
model (Fig. 2B): at pH 4.5, HA and CHI layers are very well inte-

grated and both are exposed on the top of the film. Moreover, the
quantitative composition analyses (Table 2) indicates a consider-
ably lower percentage of amine and ammonium, due to the amide
contribution. This explains the lower antibacterial effect of pH 4.5
when compared with pH 3, as well as confirms the impact of the
NH,/NH;3* surface composition for an enhanced antibacterial effect.

We can thus expect this effect to scale up with increasing density
of amine and ammonium groups on the surface. In order to check
this hypothesis for the pH 3 sample, we have increased the num-
ber of bilayers, from 3 to 9, since after several cycles of deposition,
HA/CHI nanofilm thicknesses present an exponential growth trend
(Fig. 5A). This behavior means that larger biopolymer mass values
are incorporated in each layer along with the number of bilayers.
This should also be valid for the density of free ammonium groups.
Fig. 5B shows the absorbance values of adsorbed RB stain on coat-
ings from the 1st to 3rd and from 7th to the 9th bilayer. However,
as those values correspond to the absorbance accumulated along
the HA/CHI depositions, the net values of RB absorbance for each
bilayer are presented in Fig. 5C. Such net values were calculated by
subtracting the absorbance value obtained in “n” bilayers from the
absorbance measured in “n-1” bilayers. These results indicate that,
for the 9th bilayer, the RB stain adsorption was 4 times larger than
for the 3rd bilayer. If the growth trend of HA/CHI nanofilm thick-
nesses were linear, we would expect the net RB absorbance to be
constant for each case. Therefore, the higher RB stain on the top of
the 9-bilayer sample means a larger density of nitrogenated groups
including free NH3* than on the top of the 3-bilayer sample.

These results were confirmed by surface potential measure-
ments on both samples. Fig. 5D and E show topography and surface
potential images of steps between the Si substrate (dark areas) and
nanofilms (light areas), respectively. The surface potential profile
of the 9-bilayers sample shows twice the height of the 3-bilayers
sample, approximately 150 and 75 mV, respectively (Fig. 5F). As
the surface potentials of nanofilms are assumed to be mainly gen-
erated by NH3* of the top CHI layer [ 10], this result agrees very well
to those obtained by UV-vis spectroscopy.

The antibacterial effect of the 9-bilayers sample was also tested
with S. aureus and P. aeruginosa strains (Fig. 6). In the case of
S. aureus assay, bacteria were not detected in any of the cul-
ture times, confirming the enhanced effectivity of the ammonium
groups of HA/CHI nanofilms as a biocide agent for S. aureus. A
similar approach was taken by Richert et al. [15]. These authors
increased the salt concentration from 10~2 to 0.15 M NaCl for their
HA/CHI assembling at pH 5, obtaining films with thickness val-
ues of 120 and 300 nm, respectively. In their case, the thicker
films presented better antimicrobial effect (against E. coli), simi-
larly to our results. However, those authors attribute the enhanced
antibacterial behavior to a larger rigidity, despite the lack of any
mechanical properties characterization. Our results suggest that
the larger amount of free ammonium groups on the top CHI layer
of the thicker nanofilm is the most important parameter for the
antibacterial effect against S. aureus.

In the case of P. aeruginosa, the larger amount of nitrogenated
groups on the top film of the thicker sample did not provide a sig-
nificant change in the antibacterial effect. The 9-bilayers sample
presented the same antibacterial effect as the 3-bilayers sample:
a reduction of 1 order of magnitude of CFU/cm? for 8 h of culture.
The enhanced resistance of the gram-negative P. aeruginosa against
our nanofilms can be explained by the outer cell membrane [29],
which protects the cell wall from the biocide contact of free ammo-
nium groups. Although other gram-negative bacteria, such asE. coli,
have been eliminated by CHI films [5], P. aeruginosa is usually more
robust, forming larger biofilms than E. coli [30].



504

g
<
£

‘v
5]

4

T
0%
%%
QL

>
5
120208

%
X
5%

,.
<
8

3
'S
%

7S
9%8%
b039S

.v
<%
%

3
&
<

%>
35
55

X

s
%

T

,v
203950
SRR

,v
.
20

CFUlcm?

.v
=
%

,v
55
255

e

TS
S5
2R

X

X3
%3
&

TSI
0555
e

K
X

0‘0

v
R
%5
XK
258

9%

R
55

%

J. Hernandez-Montelongo et al. / Colloids and Surfaces B: Biointerfaces 141 (2016) 499-506

Staphylococcus aureus T 4nh

B8 h
it

Hit

pH 4.5 pH 3 pH 2

Samples

CFUfem?

10° 5

Pseudomonas aeruginosa C_l4h

X8 h

pH 4.5

pH 3

pH 2

Samples

Fig. 3. Antibacterial effect of HA/CHI nanofilms. The number of viable bacteria on the samples at 4 and 8 h was determined using the spread plate method. Results represent
mean £ SD of three measurements, statistically interpreted by analysis of variance (ANOVA) multifactorial model. ** denotes a significant difference compared to the Si
substrate at 4h (p<0.01); -denotes a significant difference compared to the Si substrate at 8 h (p<0.01).
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and pH 4.5 samples.

Table 1
XPS results of C1s and N1s fitting curve for HA, (HA/CHI) and (HA/CHI); samples obtained at pH 3. Results represent mean =+ SD of three fittings.
C 1s corresponding groups HA HA/CHI (HA/CHI)3
Peak % Peak % Peak %
Cc—C/C—H 2845 453 (+£0.4) 284.6 42,5 (+£0.4) 2845 22.1(£0.2)
c—o0 286.0 43.0 (£0.4) 286.1 42.2 (£0.4) 286.1 55.2 (+0.5)
C=0/0—C—0 2878 5.9 (+0.1) 287.7 11.6 (+0.1) 287.7 21.0 (£0.2)
Co0— 288.9 5.8 (+£0.1) 288.4 3.6 (£0.1) 289.0 1.6 (£0.1)
N 1s corresponding groups HA HA/CHI (HA/CHI);
Peak % Peak % Peak %
=N— - - 398.5 45 (+0.1) - -
NH, 399.6 89.5 (+£0.9) 399.5 45.3 (£0.4) 3995 66.0 (+0.7)
NH;* 4015 10.5 (+0.1) 4015 43.0 (+0.4) 401.6 34,0 (£0.3)
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Table 2
XPS results of N1s fitting curve for samples obtained at pH 3 and 4.5 after three cycles. Results represent mean =+ SD of three fittings.
N 1scorresponding groups pH3 pH4.5
Peak % Peak %
NH, 399.5 66.0 (+£0.7) 399.1 43.0 (+£0.4)
—NHCO - - 400.5 39.1(+£0.4)
NH;* 401.6 34.0 (+0.3) 401.8 17.9 (+0.2)
A B Number of bilayers Number of bilayers
7 8 9 7 8 9
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Fig. 5. (A) Thickness profile of the pH 3 sample (dotted line shows the exponential fitting). (B) LbL monitoring of the 6th to 9th bilayer assembly of the pH 3 sample by UV-vis
spectroscopy. (C) RB net absorbance of top bilayers of the pH 3 samples. MB and RB are acronyms of methylene blue and rose Bengal stains, respectively. For figures A, B and
C, results represent mean + SD of three measurements. (D) Topography and (E) Surface potential images of nanofilm/Si substrate step (scale bar: 5 wm). (F) Surface potential

profiles.
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Fig. 6. Antibacterial effect of the pH 3 samples with 3-bilayers and 9-bilayers evaluated by the number of viable bacteria on the samples at 4 and 8 h as determined using the
spread plate method. Results represent mean + SD of three measurements, statistically interpreted by analysis of variance (ANOVA) multifactorial model. * and ** denote a
significant difference compared to the Si substrate at 4 h with p<0.05 and p <0.01, respectively; -denotes a significant difference compared to the Si substrate at 8 h (p<0.01).

N.D. means not detected.
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4. Conclusions

HA/CHI nanofilms assembled by LbL technique with different
pH values of the biopolymer stem-solutions, which control their
ionization degree, were studied in detail as antibacterial coatings.
Due to the important impact in medicine, as mains precursors of
nosocomial infections, S. aureus and P. aeruginosa were used to test
the nanofilms as antibacterial surfaces. We observe a good corre-
lation between the nanofilm surface physicochemical properties
and the obtained antibacterial effect; we have thus explored the
exponential growth trend of nanofilm thickness to maximize this
effect on thicker samples. In the case of S. aureus, the bacterial
growth was very sensitive to the free ammonium groups on the
top CHI layer of our samples. In that sense, the antibacterial effect
of the pH 3 sample was very relevant up to 8 h of culture, with total
suppression of bacterial growth. For the P. aeruginosa assay, how-
ever, a slight antibacterial effect was observed for the 8 h of culture
time, and bacterial growth rates at 4 h of culture were similar to
those over the uncoated Si surface used as control. In conclusion,
HA/CHI nanofilms in the optimized conditions of synthesis shown
here are an excellent alternative as antibacterial surfaces against S.
aureus. In particular, the resistance against S. aureus adhesion and
proliferation for 8 h suggests that this coating should be suitable
for prosthesis protection against contamination during surgery,
for example. Nevertheless, their use against P. aeruginosa would
require the addition of antimicrobial active species, such as bioac-
tive peptides, silver nanoparticles and other suitable biocides.
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