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ABSTRACT

The deposition of polyelectrolyte multilayers, obtained by the Layer-by-layer (LbL) method, is a
well-established technology to design biocompatible and antibacterial coatings aimed at
preventing implant-associated infections. Several types of LbL films have been reported to
exhibit anti-adhesive and/or antibacterial (contact-killing or release-killing) properties governed
not only by the incorporated compounds but also by their buildup conditions or their post-
buildup treatments. Tannic acid (TA), a natural polyphenol, is known to inhibit the growth of
several bacterial strains. In this work, we developed TA/collagen (TA/COL) LbL films built in
acetate or citrate buffers at pH 4. Surprisingly, the used buffer impacts not only the physico-
chemical but also the antibacterial proper-ties of the films. When incubated in physiological
conditions, both types of TA/COL films released almost the same amount of TA depending on
the last layer and showed an antibacterial effect against Staphylococcus aureus only for citrate-
built films. Because of their granular topography, TA/COL citrate films exhibited an efficient
release-killing effect with no cytotoxicity towards human gingival fibroblasts. Emphasis is put
on a comprehensive evaluation of the physico-chemical parameters driving the buildup and the
antibacterial property of citrate films. Specifically, complexation strengths between TA and COL
are different in the presence of the two buffers affecting the LbL deposition. This work
constitutes an important step toward the use of polyphenols as antibacterial agent when

incorporated in LbL films.



INTRODUCTION

Development of multifunctional coatings has drawn a great attention in the last few decades
because of their broad spectrum of applications. In biomedical related fields, surface properties
like antimicrobial activity and biocompatibility are highly desired to subsequent tissue
integration of implants." Medical devices are most likely to undergo nosocomial infections
because of local contamination during the surgery. Such infections are triggered by bacterial
adhesion on the surface of the implant followed by their proliferation and matrix synthesis
leading to the formation of a biofilm. Prevention of the early attachment and proliferation of
bacteria has created huge interest and led to the development of antibacterial coatings.?

Among the surface modification techniques, the Layer-by-Layer (LbL) method is a versatile way
to functionalize surfaces by the alternated deposition of oppositely charged polyelectrolytes
generally by dip coating.* It is an attractive method as it can be applied to any type of substrate,
even neutral polymers.®> The coherence of these films is usually due to the electrostatic
interactions between the chains. Hydrogen bonded LbL films were also reported.®” The adhesion
strength between the LbL films and the substrate can be improved by grafting of the first
deposited layer. The growth of polyelectrolyte multilayer (PEMSs) films is either linear or
exponential with the number of deposition steps. Performed at room temperature using aqueous
solutions, the LbL method allows the development of biocompatible and bioactive thin films, in
particular with antimicrobial property.®®

Several types of LbL films have been reported to exhibit anti-adhesive and/or antimicrobial
(contact-killing or release killing) properties governed not only by the incorporated compounds

but also by the buildup conditions or post-buildup treatments. Adhesion-resistant LbL films are



either highly hydrophilic preventing the close contact of bacteria'® or have specific stiffnesses to

prevent bacterial adhesion."™*? The hydrophilicity*® of the films, as well as their rigidity,"*"** can

be tuned by the adjustment of physico-chemical parameters of the film buildup, such as pH

and/or ionic strength. Knowing that bacterial membranes are negatively charged, most of

contact-killing LbL films were developed ending with positively charged polyelectrolytes'®>*® or

quaternary ammonium containing polymers.®®?° The bactericidal effect of these films is

13, 16 17-18, 21

governed by the surface composition or the diffusion of polycations in the films.

22-23

Release-killing LbL films leach out antibacterial agents, by direct diffusion or by film

2425 hH% or enzymes.?’

degradation due to hydrolysis,
Since a few decades, an intensive research is being carried out to explore the potential of
polyphenols, found in plants as secondary metabolites, as antibacterial and antioxidants agents.

Tannic acid (TA) is a polyphenol (Scheme 1a) known to inhibit the growth of bacteria.?®
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Scheme 1: Chemical formulae of (a) TA and buffer used in this study (b) acetic acid and (c)

citric acid.



TA based LbL films were mainly developed to obtain antifouling,?® self-healing® and
hemostatic®* properties. Except one study,* antibacterial properties of TA based LbL films were
always obtained with the incorporation of antibacterial compounds, such as antibiotics,*
peptides®® or chitosan.®® Park et al.*? developed sprayed TA/Fe(ll1) films as antifungal coating
for shoe insoles. In this study, we report buffer dependent antibacterial property of LbL films
based on TA and collagen type |1 (COL). COL is the most abundant extracellular matrix protein
present in the mammalian body and can be assembled in LbL manner with different
polyanions.*** Because of solubility issues of COL, TA/COL films were built at pH 4 using
either acetate buffer or citrate buffer (Scheme 1b and c) to prepare TA and COL solutions.
Acetic acid is a monoprotic acid with a pKa at 4.7. Citric acid is a triprotic acid with three
different pKa at 3.1, 4.8 and 6.4 leading to only one deprotonated and two protonated carboxylic
acid at pH 4. In this form, citric acid is thus able to form hydrogen bonds and electrostatic
interactions. Surprisingly, the used buffer impacts not only the physico-chemical properties but
also the antibacterial effect of TA/COL films. Emphasis is given on a comprehensive evaluation
of the physico-chemical parameters driving the buildup and the antibacterial property of the
films. Specifically, complexation strengths between TA and COL are different in the presence of

acetate or citrate affecting the LbL deposition.

EXPERIMENTAL SECTION

Materials. Collagen (COL, purified type | from calf, Symatese, France), tannic acid (TA,
M,=1701.2 g/mol, Sigma-Aldrich, France), poly(ethylene imine) (PEI, branched, 30% w/w ag.
solution, M,,=50000 — 100000 g/mol, Alfa Aesar, Germany), acetic acid (M,=60.05 g/mol,

Sigma-Aldrich), citric acid monohydrate (M,,=210.14 g/mol, Sigma-Aldrich), sodium citrate
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tribasic dihydrate (M,,=294.10 g/mol, Sigma-Aldrich), Dulbecco’s phosphate buffer saline (PBS,
L0615, Dominique Dutscher, France), sodium dodecyl sulfate (Prolabo, Poland), HEPES sodium
salt (M,=260.29 g/mol, Sigma-Aldrich), NaCl (VWR), HCI and NaOH (Sigma-Aldrich) were
used as received.

TA/COL layer-by-layer buildup. TA/COL films were built on a PEI precursor layer. The PEI
solution was prepared at 0.1 mg/mL in 0.15 M NaCl without pH adjustment. Acetate buffer was
prepared at pH 4 with 0.1 M acetic acid. Citrate buffer was prepared at pH 4 by mixing 59 mL
0.1 M of citric acid and 41 mL of 0.1 M sodium citrate solutions. TA and COL were prepared at
0.1 mg/mL using either acetate or citrate buffer. TA solutions were prepared freshly, and COL
solutions were prepared and left under stirring overnight before use. 100 pL of compound
(respectively buffer) were deposited on the substrate at each deposition (respectively rinsing)
steps. PEI was used as a first layer with 5 min of deposition step followed by two rinsing steps (5
min) with 0.15 M NaCl and acetate or citrate buffer. TA deposition time was of 5 min and COL
deposition of 15 min with a rinsing step of 5 min with the same solution used to dissolve the
compounds. The obtained PEI-(COL/TA), were denoted (COL/TA), acetate (resp. citrate) films
when built with compound solutions prepared in acetate (resp. citrate) buffer.

Quartz crystal microbalance with dissipation (QCM-D). TA/COL film buildup was followed by
quartz crystal microbalance with dissipation (QCM-D) using QCM-D E1 (Q-Sense, Goteborg,
Sweden) with the QCM open cell allowing the pipetting of the solutions. SiO, coated quartz
crystal (Microvacuum, Budapest, Hungary) was excited at its fundamental frequency (about 5
MHz), as well as at the third, fifth, seventh and ninth overtones (denoted by v =3, 5, 7 and 9)
corresponding to 15, 25, 35 and 45 MHz, respectively. The results corresponding to changes in

the frequency shifts (Af,/v) and dissipation (AD,), obtained from QCM-D experiments, were



analyzed using the Voigt-Voinova model to determine the film thickness.*" The mass density of
the film was fixed at 1 g/cm®, the mass density of the solutions was fixed at 1.009 g/cm® and
their viscosity at 0.91 mPa-s. SiO, coated QCM crystals were treated by UV/Ozone treatment for
15 min prior to experiment to ensure negatively charged hydrophilic surface. 100 pL of
compound solution (respectively buffer) were deposited on the crystal at each deposition
(respectively rinsing), respectively. PEI was used as a first layer with 5 min of deposition step
and 5 min of rinsing step with 0.15 M NaCl. TA deposition time was of 5 min and COL
deposition of 15 min to reach a stability of the QCM signal, with a rinsing step of 5 min with the
same solution used to dissolve the compounds. To test the stability of the films in physiological
conditions, (COL/TA)s-COL acetate and citrate films were put in contact with 350 pL of PBS at
pH 7.4 overnight, followed by a rinsing step with the buffer.

Atomic force microscopy (AFM). AFM Multimode Nanoscope IV from Bruker (Palaiseau,
France) was used to image TA/COL films in the liquid state using silicon nitride coated tips on a
gold covered cantilever (Model Scanasyst-Fluid from Bruker, with force constant k = 0.7 N/m
and frequency f, = 150 kHz) in the Peak Force Tapping (ScanAsyst Fluid) mode. The images
were obtained at a scan rate of 1 Hz with a resolution of 256 x 256 pixels. The data analysis was
performed using NanoScope Analysis Software (version 1.7). After dipping into ethanol/water
(50:50 v:v) for 15 min followed by plasma cleaner treatment for 3 min, silicon wafers were used
as substrates for TA/COL buildup. The samples were stored in the buffer before observation.
Different areas of the samples were scanned to obtain typical topography images. The roughness
of the film was determined using the RMS value given by the Nanoscope software on at least
three AFM images (10x10 um?). The film thickness was measured by imaging film scratches,

obtained using a sharp tweezer, on three different areas perpendicularly to the fast scan axis. We



define the film thickness as the minimal z distance between the bare substrate and the surface of
the film, which covers the whole substrate.

Isothermal titration calorimetry (ITC). Nano ITC standard volume (TA instruments, USA) was
used to record interaction isotherms during the titration of COL by TA in both acetate and citrate
buffers at pH 4. The sample and reference cell volumes were 1 mL, and the syringe volume was
250 pL. The reference cell was filled with ultrapure water (MilliQ) and the sample cell with a
COL solution at 0.62 mM. A 1.645 mM TA solution (titrant) was placed in a-motor driven
syringe, which was set on rotation (300 rpm) to ensure proper mixing of the reactants. 250 pL of
the titrant were added in the sample cell in 25 injection steps of 10 pL each with a stabilization
time of 1200 s between two consecutive injections. Different controls were performed i.e. buffer
in buffer, titrant dilution in buffer and buffer in COL. The latter did not show significant
difference with the buffer in buffer experiment. The heat associated to the titrant-in-buffer
control was subtracted from the heat of the COL/TA association. TA/COL mixture solutions, at
0.28 TA/COL molar ratio in citrate and acetate buffers, were observed by AFM in the Peak
Force Tapping (ScanAsyst Air) mode in dry state. The samples were 8-fold diluted in their
respective buffer. 50 uL of the diluted solution was put in contact on the MICA followed by two

steps of rinsing with water at pH 4 and a drying step at room temperature.

Circular dichroism (CD) spectroscopy. CD spectra were collected using a JASCO J-810
spectropolarimeter. The spectra were recorded between 190 and 400 nm with a bandwidth of 1
nm, NIR bandwidth of 20 nm, number of accumulations 3, and the scanning speed of 100
nm/min. After UV/Ozone treatment for 15 min, quartz lamellae were used as substrates to build
TA/COL films. The background was measured with uncoated quartz lamella. CD spectra were

recorded in the dry state with data pitch of 1 nm on the light wavelength.



Attenuated total reflection — Fourier transform infrared spectroscopy (ATR - FTIR). FTIR
experiments were performed on a Vertex 70 spectrometer (Bruker, Germany) using a DTGS
detector. Spectra were recorded in the Attenuated Total Reflection (ATR) mode using a ZnSe
crystal (45° trapezoidal, 6 reflections, dimensions 72 x 10 x 6 mm?® by averaging 128
interferograms between 800 and 4000 cm™ at 2 cm™ resolution, using Blackman-Harris three-
term apodization and Bruker OPUS/IR software (version 7.5). FTIR spectra of TA/COL films
were recorded after each polyelectrolyte deposition step followed by the rinsing step. After
buildup, FTIR spectra were recorded during the contact with PBS buffer for 24 h. All the
solutions were prepared in deuterated buffer to avoid the interference of the water peak in the
amide | region of collagen. The background spectrum was taken with a bare ZnSe crystal in
contact with the buffer used for the film buildup.

X-ray Photoelectron Spectroscopy. A the Thermo Scientific K-alpha+ spectrometer was used to
acquire the XPS spectra. The monochromatic Al Ka line was used as X-ray excitation (1486.6
eV) with pass energy of 50 eV to obtain high resolution spectra. The samples were analyzed
using a microfocused, monochromated AlKa X-ray source (400 um spot size). XPS spectra were
fit with one or more Voigt profiles (binding energy uncertainty: 0.2 eV) and Scofield sensitivity
factors were applied for quantification.** All spectra were referenced to the C1s peak (C—C, C—
H) at 285.0 eV binding energy controlled by means of the photoelectron peaks of metallic Cu,
Ag, and Au respectively. Carbon (C1s) spectra were recorded at the beginning and after each
resolution analysis to check the absence of any sample degradation under irradiation. XPS
analyses were performed on (COL/TA); films in comparison to COL and TA monolayers,
obtained by dipping. All the samples were rinsed with water at pH 4 before the drying step to

avoid salt deposition from the supernatant. The COL/TA molar ratio of the films was calculated



using the amount of oxidized carbon (named C,), corresponding to the 286, 288 and 289 eV
peaks, present on all compounds and the total amount of nitrogen, present only for COL. The
details about calculations can be found in the SI.

TA release in physiological conditions. TA release from TA/COL films in PBS buffer was
followed by measuring the absorbance intensity at 277 nm using a spectrofluorometer (SAFAS
Xenius XC). COL used in the study showed no absorption at this wavelength. First, a calibration
curve of TA was obtained by measuring the absorbance intensity at 277 nm for different
concentrations of TA in PBS buffer. TA/COL films were prepared on 12 mm @ glass slides and
stored in the buffer used for their buildup. 500 puL of PBS buffer at pH 7.4 at room temperature
was put in contact with the films. 100 pL of the supernatant were withdrawn and put in an UV-
Star® 96-well plate (Greiner bio-one) to measure the absorbance at 277 nm. The remaining 400
ML supernatant was replaced by 500 pL of PBS buffer. Similar experiments were performed
using HEPES 10 mM pH 7.4 at 37°C, without and with additional 150 mM NaCl, to mimic the
medium used in microbiology and in cell culture, respectively.

Antimicrobial assay. The antibacterial activity of (COL/TA)s-COL and (COL/TA); films,
prepared on 12 mm @ glass substrates using acetate and citrate buffers, were determined towards
Staphylococcus aureus (S. aureus, ATCC® 25923™)  a gram-positive strain and Escherichia
Coli (E. coli, ATCC® 25922™), gram-negative train. One colony of bacteria was pre-cultured
aerobically in Mueller-Hinton (MH) broth (pH 7.2-7.6, Merck, Darmstadt, Germany) in an
incubator under agitation for 24 h at 37°C. The pre-culture was diluted using MH broth to an
optical density at 620 nm (ODggo) of 0.001 corresponding to 8 x 10° CFU/mL just before use.
Before the test the TA/COL films were exposed 20 min to UV radiation. TA/COL films were

incubated with 400 pL of bacterial solution (ODgyp = 0.001) in an incubator at 37°C.
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Quantification of the bacteria in their planktonic state after contact with film samples for 24 and
48 h, was performed by using a serial dilution and counting method. Bacterial suspensions in
contact with the samples were diluted, by serial dilution, between 107 to 10° times. 100 pL of
each dilution were spread uniformly on nutrient agar plates and the number of colony forming
units (CFU) were counted after 24 h incubation. Quantification was performed on the first plate
showing formation of isolated CFUs.

Scanning electron microscopy (SEM). SEM (FEI Quanta™ 250 FEG) was used to image
TA/COL films after 24 h of contact with MH medium, with and without bacterial inoculation.
After a rinsing step in PBS, TA/COL samples were dipped in 400 pL of paraformaldehyde 4%
(PFA) for 15 min to fix the bacterial cells on the film surface, followed by three PBS rinsing
steps, three water rinsing steps, water/ethanol rinsing steps using 70%, 95% and 100% ethanol.
The samples were treated with hexamethyldisilazane (HMDS)/ethanol mixture (50:50 v:v) for 5
min followed by two rinsing steps with pure HMDS (5 min each). After removal of the HMDS
solution, the samples were dried under a laminar flow fume-hood and metalized with gold using
a sputter coater.

Cytotoxicity tests. The cytotoxic effect of (COL/TA)s-COL and (COL/TA); films, prepared on
14 mm @ glass slides using acetate and citrate buffers, were determined towards fibroblasts
derived from human gingiva (HGFs). Human gingiva harvesting was approved ethically and
methodologically by our local Research Institution and was conducted with informed patients
(written consent) in accordance with the usual ethical legal regulations (Article R 1243-57). All
procedures were done in accordance with our authorization and registration number DC-2014-
2262 given by the National ‘‘Cellule de Bioéthique”. HGFs were seeded on the top of substrates

at 10* cells/cm? and maintained in complete culture medium (DMEM, supplemented with 10%
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decomplemented fetal bovine serum (FBS), 1% Penicillin/Streptomycin/Amphotericin B and 1%
Glutamax® (v/v, Gibco)] for 9 days. WST-1 cell proliferation assay (Roche Diagnostics, France)
was performed after 2, 5 and 9 days of culture. Absorbance was measured at 490 nm using a
FLUOstar Omega microplate reader (BMG Labtech) against a background control as blank with
a reference wavelength of 750 nm. After 2, 5 and 9 days of culture, DNA was extracted using the
MasterPureTMDNA Purification Kit (Epicentre®Biotechnologies) in accordance with the
manufacturer protocol. Extracted DNA was assessed by measuring the absorbance at 260 and
280 nm (Nanodrop®, Thermo Scientific) with a 260/280 nm absorbance ratio for all measured
samples comprised between 1.8 and 2. Cytoskeleton staining with Alexa® Fluor-488
conjugated-Phalloidin®. After 15 days of culture, fibroblasts were fixed with 4% (w/v)
paraformaldehyde for 15 min at room temperature, permeabilized with 0.5% (v/v) Triton X-100
for 15 min and finally stained with Alexa® Fluor- 488 conjugated-Phalloidin® (Invitrogen,
1/100) for 30 min. Nuclei were counter-stained with 4,6-diamidino-2-phenylindole (DAPI, 100
ng/mL, 1:10,000 dilution) for 5 min. Stained cells were then mounted and imaged by

fluorescence microscopy (Zeiss microscopy, x20).

RESULTS AND DISCUSSION

TA/COL film buildup in acetate and citrate buffers. The buildup of TA/COL LbL films was
monitored in situ by QCM-D using TA and COL solutions prepared at pH 4 in acetate or citrate
buffers (Figure Sla-b in the Supporting Information, SI). The film thickness was calculated by
fitting the QCM-D data using the Voigt-Voinova model (Figure 1a). In contrast to the

normalized frequency shift, the evolution of the film thickness as a function of adsorbed layer
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showed no level off but rather a change in the slope of the growth. (COL/TA)s-COL films

acetate and citrate films reached 333 and 150 nm in thickness, respectively.
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Figure‘ 1 volution of the thickness of TA/COL films built in acetate (m) and citrate (®)
buffers at pH 4 as a function of each deposited layer (a) determined with the Voigt-Voinova
model using the QCM-D data, at the last step, PBS buffer was put in contact for 14 h, (b)
determined by AFM in liquid state. Typical AFM images (z scale 50 nm), obtained in Peak Force
Tapping mode (ScanAsyst) and in the liquid state, (COL/TA), films built at pH 4 in acetate (c)

and citrate (d) buffers.
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The normalized frequency shift (Af,/v) measures the contributions from adsorbed material and
bound water molecules whereas the dissipation change (AD,) represents the rigidity of the
coatings, related to the hydration and conformations of adsorbed material.** When AD,, versus
Af,lvare plotted, two phases are displayed with significantly different slopes (Figure S2c-d in
the SI). The first phase, with the highest slope, corresponds to loosely bound (macro)molecules
with a large amount of hydrodynamically coupled water. In the second phase, AD, slightly
increases with the adsorbed material. The amount of hydrodynamically trapped water is reduced
creating a denser coating.** Bound water loss of TA/COL films is compensated by adsorbed
materials leading to stabilization of the frequency shift. AFM was used to investigate the
thickness and the topography of TA/COL films in liquid state. The cross-section of TA/COL
scratched films allowed to determine the film thickness in liquid state. The film thickness was
defined as the minimal z distance between the bare substrate and the surface of the film that
covers the whole substrate (Figure S3 in the SlI). In wet state, TA/COL acetate films have a
higher thickness than citrate films reaching (291 + 46) nm and (56 + 5) nm after 7 bilayers,
respectively (Figure 1b). The water uptake of TA/COL film was determined by comparing the
film thickness in dry state and in wet state. In the case of (COL/TA)s-COL LbL, acetate films
swell by 388% with an increase in thickness from (59 £ 4) to (229 + 16) nm from dry to wet.
Citrate films swell by 294% with an increase in thickness from (17 + 2) to (50 + 4) nm. A strong
difference in water uptake is observed between both types of film in accordance with the
difference in dissipation values measured by QCM-D. The high water adsorption is explained by
the ability of TA to form hydrogen bonds with water molecules.** This ability is probably
compromised by the presence of citrate interacting with TA which leads to less hydrated films.

Figure 1c-d shows the typical topography of TA/COL films. Fibrillary structures were observed
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for acetate films and granular structures for citrate films throughout the film buildup (Figure S4
in the SlI). In citrate buffer, the size of the granular structures increases with the number of
bilayers. In acetate buffer, the fibrillary structures are progressively hidden with an increase in
the film thickness rendering their observation more and more difficult. TA/COL acetate films
show a roughness between 10 and 25 nm all along the buildup, representing not more than 10%
of the film thickness (Figure S5 in the SI). The roughness of TA/COL citrate film increases
reaching around 50 nm after 7 bilayers. The thicknesses of TA/COL acetate films are similar
when determined by QCM-D and AFM. In contrast, the high roughness of citrate films increased
the hydrodynamic thickness determined by QCM-D in comparison to the core thickness
determined by AFM (compare Figure 1a and 1b). Intensities of COL and TA bands, measured by
FTIR, increase after each deposition cycle which demonstrates the layer-by-layer buildup of
TA/COL (Figure S6 in the SlI). CD spectra showed that the triple helix structure of COL seems to
be impacted in TA/COL films when built in acetate buffer in contrast to citrate one (Figure S7 in
the SI).

Insight into the nature of TA/COL complexation. The buffers used to dissolve COL and TA
give rise to TA/COL films with two different buildup regimes and topographies. This effect
might originate from the modification in the interactions between COL and TA dissolved in
these two different buffers. Polyphenols can have multiple interactions with proteins depending
on their physico-chemical parameters, such as molecular weight, hydrophobicity and isoelectric
point.*® Tannins are known to interact with collagen*’ and other proline-rich proteins*® through
both hydrogen bonding and hydrophobic interactions. To better elucidate the distinct
physicochemical properties of TA/COL films in the two buffers, we performed ITC experiments

to investigate COL and TA interactions. The heat of complexation was measured by adding
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aliquots of TA solution into a cell containing COL solution. The molar enthalpy change (AHgps)
was calculated from the heat measured at each step of the titration subtracting the heat of the
control experiments, i.e. buffer in buffer and titrant dilution in buffer (Figure 2). For both
buffers, the titration plots of AHgps is not a typical sigmoidal curve specific to antigen-antibody
interactions. This precludes the fitting of the curves by stoichiometric binding models. As the
heat measured were quite small, we performed at least three experiments for each conditions
(Figure S8a-b in the SI) and control experiments. Two different behaviors were observed
depending on the used buffer. In the case of acetate buffer, TA/COL complexation exhibits an
exothermic behavior (i.e. heat is released) all along the titration by TA up to 2 TA/COL molar
ratio. This could be related to the formation of hydrogen bonds between amino groups and
peptide bond H-acceptor sites of COL and galloyl or hydroxyphenyl moieties of TA. In the case
of citrate buffer, the change in enthalpy reaches zero at 0.28 TA/COL molar ratio, where
saturation conditions seem to be reached. At this point, we observed COL aggregation in citrate
but not in acetate buffer (Figure S8c-d in the SI). ITC results suggest that TA/COL binding is

stronger in citrate buffer in comparison to acetate buffer.
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Figure 2: Molar enthalpy change (AHops), measured by ITC, during the titration of COL by TA

at 22°C. The data represents the mean and standard deviation of at least three experiments.
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To determine the proportion of TA and COL in the films, XPS analyses were performed on
(COL/TA)7 films in comparison to COL and TA monolayers obtained by dipping. XPS survey
spectra revealed that carbon, oxygen, sodium and nitrogen are present in TA/COL films (Figure
S9a-b in the SlI). Figure 3 presents C1s high-resolution XPS spectra of the different samples.
Detailed description of XPS spectra can be found in the SI.

b . N-C=0

TA/COL citrate film

a n.-n' T.'-‘_f;:?/

TA/COL acetate film Cls

Intensity (a.u)
| Intensity(a.u)

TA citrate monolayer

292 290 288 286 284 292 290 288 286 284

Binding Energy (eV) Binding Energy (eV)
Figure 3: C1s XPS spectra of (COL/TA); films, TA and COL monolayers obtained by using TA

and COL solutions prepared in (a) acetate and (b) citrate buffers at pH 4.

The COL/TA molar ratio of the films was calculated using the amount of oxidized carbon,
corresponding to the 286, 288 and 289 eV peaks, present on all compounds and the total amount
of nitrogen, present only for COL. The details on the calculations can be found in the SI. The

COL/TA molar ratio was found at 1.4 for citrate films and 4.4 for acetate ones. A higher quantity
17



of TA is incorporated for each adsorbed COL when citrate is used as buffer, which is probably
related to the strong affinity between both compounds. Besides the presence of the Nals peak, a
higher contribution of the O-C=0 peak (289.1 eV) is observed for TA and COL citrate
monolayers in comparison to TA and COL powders or acetate monolayers. Citrate molecules can
interact through hydrogen bonds with TA molecules* and through both hydrogen bonds> and
electrostatic interactions®® with COL. When TA/COL LbL are built in citrate buffer, the
incorporated citrate molecules interacting with COL through electrostatic interactions lead

probably to supplementary H-bond sites for TA immobilization (Scheme 2).

a Acetate buffer b  Citrate buffer
, W .4
k\ (9;“ '%T.,
Collagen Tannic acid Sodium citrate
H-bond site 0O OH O __COO
HO o o
0~ OH
NH,* H-bond sites

Scheme 2: Schematic illustration of TA/COL interactions in (a) acetate and (b) citrate buffers.
At pH 4, citric acid has one deprotonated carboxylic acid. Some elements were produced using

Servier Medical Art image bank (https://smart.servier.com).

During the LbL buildup in acetate buffer followed by QCM-D, each deposition of TA and COL
induced an increment in the frequency shift (Figure Sla in the SI) but the rinsing steps removed
a non-negligible amount of the previous deposited layer suggesting a low binding between TA

and COL (Scheme 3). The fibrillary structure of COL is maintained all over the buildup.
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Scheme 3: Schematic illustration of TA/COL LbL buildup in acetate buffer. (a) When TA is put
in contact with a COL-ending film, (b) TA molecules adsorbed on COL leading to TA/COL
complexes. (c) The rinsing step removes the loosely bound TA molecules leading to TA-ending

film. The fibrillary structure of COL is maintained during the buildup.

In the case of citrate buffer, the buildup is irregular with an increase in the frequency shift for
COL and a decrease for TA (Figure S1b in the SI). An increase in thickness was observed for
each TA/COL bilayer suggesting the adsorption of TA/COL complexes on the surface. The
rinsing steps does not induce a supplementary loss of material, confirming the strong binding of
TA/COL on the surface. A molecular model describing the formation of polyphenol/protein

complexes, proposed by Williamson and co-workers,*?

could explain this behavior and the
granular topography of TA/COL citrate films. Upon addition of TA solution on COL-ending
film, TA binds strongly to several sites of the adsorbed COL forming TA/COL compact complex
inducing COL desorption and decrease in frequency shift (Scheme 4a). The presence of high
concentration of TA in the supernatant leads to the dimerization (Scheme 4b) and then
aggregation of TA/COL complexes (Scheme 4c) into larger particles that precipitate (Scheme
4d) on the surface of the LbL film. The TA/COL complex precipitation step thus allows the

deposition of the next layer of COL. The deposition of TA/COL precipitates on the surface was
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obtained because the film buildup was done by pipetting the solutions on and from the QCM cell

as performed in 24-well plates used for microbiology tests.

TA-ending film
Collagen (COL) Tannic acid (TA)
—-\_’_ v e e

Scheme 4: Schematic illustration of TA/COL LbL buildup in citrate buffer. When TA is put in
contact with a COL-ending film, there are (a) desorption of COL by TA leading to TA/COL
complexes, (b) dimerization and (c) aggregation of TA/COL complexes followed by (d) their

precipitation on the surface leading to the granular topography of TA/COL citrate films.

Film stability and TA release in physiological conditions. To evaluate the stability of the films
in physiological conditions, TA/COL acetate and citrate films were incubated in PBS at pH 7.4
at room temperature overnight. A decrease in intensity of the C=0 stretching band of TA was
observed while the amide | band of COL was unaffected (Figure 4a-b). The same experiment
was performed by QCM-D. An immediate and small decrease in frequency shifts, for both film,
was observed which stabilized within the first 30 min (figure S1 in the SI). The majority of the

TA/COL films was stable with a loss in the total frequency shift of about 13% for both films. It
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should be emphasized that most of the COL-based LbL films reported in the literature required

an additional crosslinking step to maintain their stability under physiological conditions.” %%
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Figure 4. ATR-FTIR spectra of (COL/TA)s-COL films built at pH 4 in deuterated acetate (a)

and citrate (b) buffers before and after the contact with deuterated PBS pH 7.4. (¢) Cumulative

release profile of TA, from TA/COL films in contact with PBS pH 7.4 at room temperature.

The stability of the films towards pH and salt changes can be explained by the fact that (i)
TA/COL LbL films are mainly based on hydrogen bonds and (ii) a sufficient amount of TA
remains in the films to interact with COL after contact with PBS (Figure 4a-b). High stability of
hydrogen-bonded neutral polymer/polyphenol LbL films towards pH and salt changes is

explained by the pKa value of TA, reported at 8.5.°° Recently, gelatin (denatured COL)/TA
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complexes were reported to possess two kinds of TA species: one strongly bound to the protein
matrix (responsible for its stability in physiological conditions) and other loosely bound TA
molecules.”” Weakly bound TA molecules can dissolve from the film’s surface into
physiological media and strongly bound TA can prevent COL to remove. The amount of TA
released was determined by following the intensity of the absorbance measured at 277 nm
(Figure 4c). TA/COL films were put in contact with PBS at room temperature similarly as in the
FTIR and QCM-D experiments. The rate of release is highest in the first hour and stabilizes
afterwards. TA ending films induced more TA release. After 72 h of contact, TA ended citrate
films released twice as much TA than acetate films, (13.2 £ 1.3) and (5.9 £ 1.2) pg/mL,
respectively (Figure 4c). Granular citrate films release a higher amount of TA than acetate films,
because of supplementary TA molecules immobilized by electrostatic interactions thanks to

citrate (Scheme 5).

a . b

Scheme 5: Schematic representation of TA release obtained from TA/COL (a) acetate and (b)
citrate films when put in contact with PBS. Citrate films release a higher amount of TA than
acetate films because of supplementary TA molecules immobilized by electrostatic interactions

thanks to citrate.

To mimic biological conditions of bacteria and cell culture, the release kinetics of TA was also
followed at 37°C in HEPES and HEPES/NaCl buffers pH 7.4, respectively (Figure S10 in the

SI). Similar results were obtained with a higher release in the presence of 150 mM NaCl in the
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case of citrate films, which confirms the contribution of ionic interactions in these films.*® No
compensation of charges are necessary in the case of acetate films. But in the case of citrate
films, citrate molecules, interacting through electrostatic interactions with COL, are also released
and the charge compensation is obtained thanks to counter ions present in PBS or the culture
medium.

Antibacterial assays and human cell viability. TA being well known to kill planktonic
bacteria,”® the antibacterial activity of TA/COL multilayer films was assessed against
Staphylococcus aureus (S. aureus), a gram-positive strain which is one of the most virulent
bacteria leading to high rates of device-related systemic infections and mortality>® and
Escherichia Coli (E. Coli), a gram-negative strain mainly found on the surface of catheters. The
viability of bacteria was determined in MH broth after 24 and 48 h of contact with TA/COL
acetate and citrate films. To this purpose, the supernatant was plated on agar petri dishes to
enumerate the colony forming units (CFU) present in their planktonic state. A high antibacterial
effect against S. aureus is observed for TA/COL citrate films and not for TA/COL acetate ones
(Figure 5a). In HEPES buffer at 37°C, medium mimicking MH broth, no significant difference in
TA release were observed between (COL/TA)s-COL citrate and (COL/TA); acetate films, with
(6.0+ 0.7) and (5.9 £ 2.2) pg/mL after 24 h, respectively (Figure S10a in the SI). However, a
dramatic difference in bacterial viability after 24 h of contact is observed with only (4 £ 4) CFU
counted on the citrate films against (2.8 + 0.7) x 10® CFU on the acetate ones. Thus, the
antibacterial property of TA/COL citrate films is not linked to the total amount of TA released,
which is by far lower than the minimal inhibitory concentration of TA against S. aureus (around

100 pg/mL).28>7
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Figure 5: (a) CFU of S. aureus from the supernatant of TA/COL films after 24 h and 48 h of
contact. N.D. means not detected: no CFU were observed. The dashed line represents the CFU
obtained from the bacterial supernatant in contact with an uncoated glass. (b) HGFs viability on
(COL/TA); films, determined by WST-1 mitochondrial assay. Cytoskeleton labelling (green = F-

actin, blue = nuclei) after 15 days of culture on (COL/TA); acetate (c) and citrate (d) films.

TA/COL acetate films present several colonies after 24 h of contact. In contrast, no bacteria were
observed on the surface of TA/COL citrate films after 24 h of contact (Figure S11 in the SI).
After 4 h of contact with TA/COL citrate films, bacteria with cell membrane disruption are
observed (Figure S12a in the SI). TA molecules were reported to destroy the integrity of the S.

aureus cell wall, by interacting with the peptidoglycans of the bacterial membrane.®® The

24



absence of bacteria after 24 h of contact is probably due to the severe damage of cell membrane
leading to cell death and detachment from TA/COL films. It could also be explained by the
protocol applied on the samples which includes a smooth PBS rinsing before fixation. However,
some bacterial debris are visible at low magnification image (Figure S11c in the SI). TA/COL
citrate films exhibit a granular topography rich in TA in contrast to acetate ones. After 24 h of
contact with PBS, this granular topography disappeared because of TA release, showing
fibrillary structure of COL (Figure S12b-c in the Sl). The dissolution of TA/COL granular
aggregates leads probably to a concentration of TA released near the surface of the films higher
than the MIC (Scheme 6). Incubated without agitation during the assay, bacteria were deposited
on the surface of the films by sedimentation. A local release-killing effect is thus observed for

TAJ/COL citrate films in contrast to acetate ones.

a

Scheme 6: Schematic representation of TA release from TA/COL films in contact S. aureus for
acetate films (a) and citrate films (b). A local release-killing effect toward bacteria is observed
only for citrate films. Granular aggregates of TA/COL dissolution induce the local release of TA

in a concentration above its MIC.
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Concerning E. Coli, a decrease in the normalized growth of 45% was observed after 24 h of
contact with (COL/TA); citrate films (Figure S13 in the SI). It is known that the bactericidal
activity of tannins is lower against gram-negative bacteria than against gram-positive bacteria.
This is due to the presence of the lipopolysaccharide on the outer membrane of gram-negative
bacteria.”® Finally, it is important to ensure that the films are not cytotoxic towards mammalian
cells. The behavior of human gingival fibroblasts (HGFs) cultivated on TA/COL acetate and
citrate films were compared to an uncoated glass substrate. Proliferation assay and DNA
quantification show no significant differences in HGFs proliferation for 9 days whatever the
studied conditions, i.e. TA or COL ended-films (Figure 5b and Figure S14 in the Sl). Cell
integrity of HGFs was evaluated by cytoskeleton labelling. After 15 days of culture, a confluent
layer was obtained on all the tested TA/COL films (Figure 5c-d and Figure S15 in the SI). A
typical fibroblastic cell shape is observed with polymerized F-actin fibres lying parallel to each
other. These results demonstrate the absence of TA/COL cytotoxic effect in both buffers.

Conclusion. In this study, we reported buffer dependent antibacterial property of TA/COL films.
Because of the solubility issue of COL, acetate and citrate buffers at pH 4 were used to build the
LbL films, affecting their physico-chemical as well as the antibacterial properties. Specifically,
complexation strengths between TA and COL are different in the presence of acetate or citrate
affecting the LbL deposition. In comparison to acetate buffer TA/COL binding is stronger in
citrate buffer leading to a higher immobilization of TA and to the granular topography of
TA/COL citrate films, providing higher specific surface. A local release-killing effect towards S.
aureus was obtained for TA/COL citrate films thanks to their granular topography. The

developed LbL films revealed no cytotoxic effect towards human gingival derived fibroblasts.
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This work constitutes an important step toward the use of polyphenols as antimicrobial agent

when incorporated in LbL films.
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