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ABSTRACT

Pathogenic bacterial biofilms invading surfaces in food and medical fields is a challenge to
overcome. Despite all the strategies applied to fight against their formation, the biofilm
microbiological risk remains as an important threat for populations. The prevention of biofilm
formation might be an effective approach to confront this problem. In this study, stainless steel
surfaces were functionalized by nisin, a natural antimicrobial peptide. Nisin was grafted onto
the surface by either its carboxylic group or its amino group. The antimicrobial activity of the
elaborated coatings was tested against Listeria monocytogenes. Indeed, the surfaces coated with
nisin linked by its amino group showed an efficient antibacterial activity while the surface with
nisin linked by its carboxylic group showed less antimicrobial effect. The surface properties
analyses permitted to understand the chemical and topographical characteristics of treated

surfaces including nisin conformation and quantification.
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1. Introduction

Contamination of facilities with bacterial pathogenic biofilms in food and medical
sectors is an ongoing problem and will be for many years if an efficient remedy is not found.
Indeed, these pathogenic structures, formed on equipment, are involved in a variety of
foodborne illness and nosocomial infections [1,2]. A study carried out by the Foodborne
Disease Burden Epidemiology Reference Group (FERG), which was established by the World
Health Organization (WHO) in 2007, estimated that 31 foodborne hazards caused 600 million
foodborne illnesses and 420,000 deaths in 2010 [3]. On the other hand, health-care-associated
infections, also defined as nosocomial infections are considered as the most common

unfortunate events threatening patient safety worldwide [4-6].

Stainless steel (SS) is a widely employed material in agri-food and health domains for
its appropriate properties. However, bacterial biofilms can develop and persist on SS-based
equipment. The strategies of disinfections adapted by industrials and hospitals do not eliminate
biofilms perfectly, especially the resistant ones. These plans aiming to control biofilm
formation, affect negatively the environment, and have a consequent impact on the economy of

these fields. Indeed, it’s of great importance to find solutions to get rid of biofilm contamination.

The objective of this work is to design an effective tool to fight against biofilm
formation. The elaboration of surfaces with antimicrobial bacteriocin-based coatings seems to
be a powerful remedy in killing pathogenic bacteria. Moreover, the use of antimicrobial
peptides (AMPs) adsorbed onto surfaces is one of the possible innovative and proactive
approaches to prevent contaminations and infections [7]. Nisin is a member of these
antimicrobial peptides which can be grafted on materials. It is a positively charged polypeptide
with a 3500 Da molar mass presenting 34 amino acid allocated in hydrophilic residues at the
COOH-terminus and hydrophobic residues at the NH»-terminus (Fig. 1). It is known as a safe
food additive and has been accepted and applied in food preservation in over 50 countries for a
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period of almost 40 years [11]. It is produced by Lactococcus lactis subsp. lactis and have an
interesting inhibitory effect on a large number of Gram-positive bacteria, including Listeria
monocytogenes and Staphylococcus aureus [12]. L. monocytogenes is a Gram positive bacteria
involved in Listeriosis a foodborne illness. Its fatality rate is around 30%, possibly higher for

pregnant women and people with weakened immune system [13].
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Fig. 1. (A) Primary structure of nisin A presenting the 34 amino acids distribution in the hydrophobic
and hydrophilic parts (adapted from [13]) (B) Chemical structure of nisin showing NH»-terminus and
COOH-terminus (adapted from [14]).

In this work, two approaches of nisin conformation linkage were applied in the coating
elaboration. The first approach was the linkage of nisin by its amino group while its only
carboxylic group was free. The second one was to link the nisin by its only carboxylic group
while its amino groups were free. In the process, firstly, dopamine was polymerized on SS in
order to acquire amino groups on the surface. After that, according to the first approach of nisin

linkage, glutaraldehyde was fixed between polydopamine and nisin, which was added finally,



resulting in a model surface called stainless steel/polydopamine/glutaraldehyde/nisin (SDGN).
Moreover, according to the same approach, succinic acid was linked to polydopamine, and nisin
was grafted in the end, resulting in a model surface called stainless steel/polydopamine/succinic
acid/nisin (SDAN). In the second linkage approach, nisin was directly attached by its carboxylic
group to polydopamine without a linking agent resulting in a model surface called Stainless
steel/polydopamine/nisin (SDN). Fig. 2 explains the linkage approaches. In a recent study, a
glass surface was modified via electron-transfer and chemical reactions employing dopamine
to attach nisin directly. The results of XPS and FTIR showed that nisin was successfully grafted.
Moreover, the modified surfaces inhibited the adhesion of both algae Phaeodactylum
tricornutum and bacteria Bacillus spp. [14]. Otherwise, according to several studies, the most
common cross-linker used is glutaraldehyde. However, unfortunately it is toxic [15]. In the
search for a potential harmless analogue, succinic acid which is a dicarboxylic acid, was
selected. Succinate is a food additive used as an acidulant/pH modifier, as a flavoring agent in
the food markets. It is also used in the markets of production of health-related agents, including
pharmaceuticals, antibiotics, amino acids, and vitamins [16]. Indeed, succinic acid is generally
recognized as safe by the U.S. Food and Drug Administration [17].

In order to characterize these coatings before and after the nisin immobilization, in term
of antimicrobial and chemical properties, several analyses were carried out. The antimicrobial
efficiency of the treated surfaces was carried out towards L. monocytogenes. Firstly, the
adhesive power test of treated surfaces was performed to analyze the comparability of bacterial
adhesion rates on each treated surface. Secondly, an indirect antibacterial evaluation of the
treated surfaces was carried out via a challenge test. In addition, a direct antibacterial evaluation
was carried out via the LIVE/DEAD Kit, qualitatively testing the surfaces on a bacterial lawn,
and Scanning Electron Microscopy (SEM) analysis of the bacterial state. The chemical analysis

and the molecules conformation and presence was demonstrated via water contact angle (WCA)



measurements, Fourier transform infrared analyses (FTIR), surface roughness and thickness,
SEM analyses, Time-of-flight secondary ion mass spectrometry (ToF-SIMS) and X-ray

photoelectron spectroscopy (XPS).
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Fig. 2. Schematic representation of nisin grafting approaches.

2. Material and methods

2.1. Standardized SS slides preparation

The SS circular slides, purchased from Acciai Speciali Terni (Terni, Italy) and polished
by Equinox (Willems, France), are 40 mm of diameter and 1 mm of thickness. After removing
the SS protection film, the slides were soaked for 10 min in absolute ethanol (Brabant, France),
then rubbed with a paper towel dipped with ethanol in order to remove the sticky residues of
the protection films. They were then air-dried and autoclaved at 120°C for 20 min for

sterilization. SS slides were then collected in sterile Petri dishes.

2.2. Bacterial strain, culture conditions and suspension preparation



Listeria monocytogenes ATCC 35152 (LM/NCTC, United Kingdom) is the bacterial
strain selected for this research. The cryogenic vials containing this strain with Tryptic soy
broth (TSB; Biokar Diagnostics, France) and 40% (v/v) of glycerol were stored at — 20°C. For
pre-culture preparation, 100 pl of the frozen tubes was inoculated into 5 ml of TSB and then
incubated at 37°C. After 24 h of incubation, in order to prepare the culture of L. monocytogenes,
100 pl of this pre-culture that contains 10* CFU ml! was inoculated into 50 ml of TSB culture
medium in 500 ml sterile Erlenmeyer. The culture was incubated at 37 °C under stirring
condition at 160 rpm, and bacterial cells were collected in the late exponential condition after
15 h. L. monocytogenes cells were collected by culture centrifugation (5000 g, 10 min, 20 °C)
and washed twice with 20 ml of sterile physiological saline solution (Saline; 0.85%) to purify
and eliminate the solution from TSB and bacterial debris. Finally, cells were re-suspended in
20 ml of saline. The L. monocytogenes suspension was prepared to a concentration of (1 x 108
CFU ml'!) via spectrometric reading (Jenway 6320D spectrophotometer). It was then sonicated
at 37 kHz for 5 min at 20 °C (Elma S40 Elmasonic, Germany) for cell dispersion. This bacterial

suspension was then diluted 10 fold to a specific concentration depending on each bacterial test.

2.3. Coatings elaboration protocols

2.3.1. Stainless steel/polydopamine (SD) coatings

Dopamine hydrochloride H8502-25G (Sigma-Aldrich, France) was dissolved in Tris-
Base buffer solution (10 mM) in order to obtain a solution of 2 mg ml"! and pH was rectified to
8.5 using sodium hydroxide solution (2 M). Then 20 ml of solution were spilled in a Petri dish
of 8.5 cm of diameter containing two standardized SS slides. The Petri dish was incubated at
20 °C for 24 h under stirring condition at 160 rpm after its wrapping in parafilm. This

continuous agitation allows homogeneous polymerization of dopamine hypochloride to



polydopamine and prevents the deposition of undesirable microparticle on the samples. After
incubation, the slides were gently rinsed four times with 20 ml of autoclaved ultrapure water
(Milli-Q IX Pure Water System). These coated surfaces are called SD. All the treated surfaces

hereafter were incubated and rinsed in the same conditions as SD.
2.3.2. Stainless steel/polydopamine/nisin (SDN) coatings

The antimicrobial peptide nisin (Danisco Beaminster Dorset, United Kingdom), being
insoluble in water was dissolved in hydrochloric acid solution 0.01 M. The dissolution was
carried out gently avoiding foam  formation. N-(3-Dimethylaminopropyl)-N’-
ethylcarbodiimide hydrochloride (EDC) and N-Hydroxysuccinimide (NHS) 98% (Both
purchased from Sigma-Aldrich, France), were dissolved in phosphate buffer pH = 6.2 and
added to the prepared nisin solution (1 mg ml™). The final concentration of EDC and NHS was
0.02 M and 0.01 M, respectively. To immobilize nisin, 20 ml of the solution were directly
poured into a Petri dish containing two SD samples. The system was incubated then rinsed in

the standardized condition. These coated surfaces are called SDN.
2.3.3. Stainless steel/polydopamine/glutaraldehyde/nisin (SDGN) coatings

Glutaraldehyde (Sigma-Aldrich, France), employed as a spacer arm, was diluted in
sterile ultrapure water to 3%. 20 ml of this solution was poured into a Petri dish containing two
samples of SD. The system was incubated then rinsed in the standardized condition. These
coated surfaces are called SDG. Nisin was dissolved gently in hydrochloric acid solution 0.01
M (Using the rate Nisin : HCI = 10mg:1ml). Then, the solution was diluted in sterile ultrapure
water in order to obtain a concentration of 1 mg ml!. The pH is then neutralized to 7 by addition
of sodium hydroxide solution (2 M). Then 20 ml of the solution were spilled into a Petri dish
containing two rinsed SDG. The system was incubated then rinsed in the standardized

condition. These coated surfaces are called SDGN.



2.3.4. Stainless steel/polydopamine/succinic acid /nisin (SDAN) coatings

A solution containing 3% of succinic acid (Janssen-Beerse, Belgium), 0.02 M EDC and
0.01 M NHS was prepared in phosphate buffer (pH = 6.2, 10 mM). The pH of the solution was
adjusted to 4.3 by adding 2 M of sodium hydroxide solution. Then 20 ml of this solution were
poured into a Petri dish containing two SD samples. The system is incubated then rinsed in the
standardized condition. These coated surfaces are called SDA. For the elaboration of nisin-
coated SDA, the same steps of SDA preparation were followed, changing the incubation time
of the solution before adding nisin. Indeed, 19.5 ml of the solution were poured in a Petri dish
that was closed with parafilm and incubated at 20°C under stirring at 160 rpm for 3 h. After this
time, 0.5 ml of the dissolved nisin (1 mg ml!) in hydrochloric acid solution of 0.01 M were
added into the Petri dish and incubated again on the stirring plate for 21 h at 20 °C. After this

time, the standardized rinsing protocol was followed. These coated surfaces are called SDAN.
2.4. Bacterial adhesion tests in NEC biofilm system

Visualization of adhered bacteria on coated surfaces was carried out with
epifluorescence microscopy 100 x magnification (Nikon Optiphot-2 EFD3). Bacterial adhesion
test allows to quantify the number of cells adhered on a surface that has been put in contact with
a bacterial suspension. This analyze aimed to prove a comparability of the number of adhered
bacteria between all the surfaces. The bacterial adhesion test was carried out on the prepared
coated surfaces and non-coated SS by exposing them to a L. monocytogenes suspension in NEC
biofilm system [18]. Bare SS was taken as control. Briefly, 5 ml of 10’ CFU ml' L.
monocytogenes suspension were statically incubated on each sample at 20°C for 1 h to allow
bacterial adhesion. The solution was then removed, and coupons were rinsed with 20 ml of
sterile physiological water to eliminate all loosely attached cells. The adhered cells were then

stained with 2 ml of acridine orange (AO) 0.01% (w/v) for 10 min in darkness. After this time,



the intercalating agent was withdrawn, and the coupons were rinsed twice with 2 ml of
physiological water to clear out excess of AO. The samples were then dried and observed under
the microscope. A total of 25 fields per coupon were captured with a digital camera and stained
cells were enumerated. Mean value of adhered bacteria per microscopic field and its relative

standard deviation were presented. Three repetitions were carried out for each coating type.

2.5.Antibacterial challenge test

After the adhesion rate test, the challenge test was carried out by treated surfaces, towards
L. monocytogenes to assess the antimicrobial activity of these surfaces, specifically of the ones
grafted with nisin. Uncoated SS was taken as a control. The protocol for the challenge test was
carried out according to the procedure proposed in the norm ISO 22196 [19]. The concentration
of L. monocytogenes solution tested was 10° CFU ml™! prepared in diluted TSB to 1/100
volume. Each coating was collected in a sterile pot and 1 ml of the test inoculum was deposited
on the entire surface for 3, 5 and 24 h under sterile condition, at 20 °C. After incubation, the 1
ml of deposited bacterial solution and the sample were recovered and placed upside down in a
sterile container containing 9 ml of sterile tryptone salt (Biokar, France) solution (9.5 g 1'!). In
order to unhook the cells, the container was vortexed for 15 seconds, sonicated in an ultrasonic
bath for 5 min at 37 kHz at 20°C (Elmasonic S60H, Elma, Germany) and again vortexed for 15
seconds. Then 10-fold dilution was performed for each condition. The bacteria were
enumerated by mass enumeration technique in Tryptone Soy Agar (TSA; Biokar Diagnostics,
France) after incubation at 37°C for 24 h. The mortality rate of bacteria on a coated SS was
assessed by comparing the relative colony-forming unit (CFU) to the one associated to the
uncoated SS. Logarithmic reduction of CFU was then calculated. Three repetitions were carried

out for each coating type.
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2.6. Assessment of the bacterial viability with the Live/Dead backlight viability kit

The viability test of bacteria exposed to treated surfaces was carried out. Bare SS was
taken as a control. Briefly, after 3 and 5 h of exposure to coupon’s surface, the 1 ml of 10° CFU
ml! of bacterial solution on each coupon is mixed to 4 ml of sterile tryptone salt solution. For
each coupon condition, bacterial solutions were stained with LIVE/DEAD BacLight Bacterial
Viability kit (Invitrogen Molecular Probes, USA), according to the manufacturer instruction for
15 min in the dark. After this time, 1 ml of the solution is vacuum filtered through a 0.2 pym
pore-size polycarbonate membrane filters (Millipore, France). Stained cells were washed once
with 1 mL of saline solution (0.85% of NaCl) and filters were placed on microscopic slides for
the epifluorescence microscopic enumeration. The viable and dead cells were counted in 25
microscopic fields. Results are expressed as mean (+ Standard deviation) of three repetitions
for each coating type.

2.7. Qualitative antibacterial test of treated surfaces

The qualitative testing was carried out on all the treated surfaces to assess the
antibacterial activity of efficient nisin coated surfaces and prove the nisin linkage to the films
without its diffusion. Mueller Hinton agar medium (Biokar Diagnostics, France) was seeded
with L. monocytogenes. The face-up of the treated surfaces were placed on the agar surface.
The plate was incubated at 20 °C for 3 h for nisin activity. The films were then removed and
the plate was incubated at 37 °C for 24 h. Nisin activity was assessed as an inhibition of L.
monocytogenes growth on the zone where the film was placed without its diffusion. The nisin
diffusion was underlined as control, via pure nisin soaked cellulose disc employed on the media.

2.8. Water contact angle measurements

Water contact angle (WCA) measurements were obtained by on a DSA100 drop shape

analyser (Kriiss, Germany). Droplet of 2 ul deionized water were deposited onto the surface of
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samples at room temperature. Measurements were taken on five different areas of each coupon.
Contact angle was calculated with Advance software. Data are representative of three different

measurements on five droplets deposed randomly on the coating surfaces.
2.9. Surface roughness and thickness analyses

The surface roughness of the coatings was determined using a surface profiler Alpha-
step IQ (Kla Tencor, Milpitas, California). Samples were scanned over a length of 1 mm with
a scan speed of 20 pm s and sampling rate of 50 Hz. Each sample was scanned in three
locations. The resolution was 400 nm. SS was always taken as control. The average roughness
(R.) and the root-mean-squared roughness (Rq) were presented and calculated using the

following equations:

1
Ry = - XL lYil (D

n

Ry = «/E PR 2)

The thickness of the treated surfaces was also measured. A tape was stuck on a part of
the SS slide before its treatment. After coatings elaboration on those samples, the tape was
removed and the thickness was measured on 5 different zones. The average values for coatings
thickness were then calculated with its standard deviation.

2.10. Scanning Electron Microscopy analysis

Scanning Electron Microscopy was carried out to visualize the morphology of bare SS,
coated surfaces, and to observe the state of bacteria in contact with coatings. SEM micrographs
were taken at 20,000x magnifications. Standard procedures for fixing and embedding sensitive
biological samples were carried out on coatings with adhered bacteria. SEM analyses were done
using a Hitachi S-4700 SEM equipped with a field emission gun (FEG). Beforehand the
observations, samples were sputter coated with carbon to become conductive with BAL-TEC
SCD 005 Sputter Coater.
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2.11. Ion polishing of coatings

Prior to SEM imaging, sample cross sections were first polished using SiC polishing
sheets up to a grade 1200 and then using a Fischione Instruments 1061 SEM Mill ionic polishing
system at 4 kV for 2 h to obtain a smooth surface. Prepared samples were carbon coated with a
Bal-Tec SCDO0O0S5 sputter coater and SEM images were taken using a JEOL JSM 7800F LV

scanning electron microscope at 5 kV.
2.12. Fourier Transform Infrared analysis

The FTIR spectra of treated surfaces were recorded by a Fourier Transform Infrared
(FTIR) spectrometry (Nicolet iS50 FT-IR spectrometer - Thermo Scientific Waltham, USA) at
room temperature. 64 spectral scans were recorded, which was sufficient to achieve good

resolution. All the spectra were analyzed using OMNIC software.
2.13. ToF-SIMS analysis

ToF-SIMS is a surface analytical technique. In this method, a pulsed beam of primary
ions already passed over the surface of the sample, produces secondary ions in a sputtering
process. Analyzing the secondary ions provides information about the molecular and elemental
species present on the surface. ToF-SIMS measures were performed on a ToF.SIMS 5
instrument by ION-ToF GmbH (Germany). It was equipped with a Bi liquid metal ion gun
(LMIG). The measurements were carried out with pulsed primary Bi** ions. (25 keV and 0.4
pA). A low-energy (20 eV) electron flood source was employed for charge compensation. For
each coating, positive and negative mass spectra were picked from a surface of 500 x 500 mm

corresponding to 30 scans. Data were analyzed using SurfacelLab 6.2 software.
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2.14. XPS analysis

XPS measures were performed using XPS KRATOS, analytical AXIS UltraDLD
spectrometer Thermo Scientific KAlpha XPS system (UK). The monochromatized Aluminium-
Ko X-ray source (hv = 1486.6 eV) was carried out via an electromagnetic lens mode and in a
constant analyzer energy mode (CAE = 150 eV for survey spectra and CAE = 30 eV for high
resolution spectra). The binding energy scale was initially calibrated using the Ag 3ds, (368.2
eV), Cu 2p32 (932.7 eV) and Au 4172 (84 eV) peak positions. In addition, the C 1s hydrocarbon
(285.0 eV) binding energy (BE) was used as internal reference for calibration. Simulation and
quantification of the experimental peaks were performed using the CasaXPS software.

Moreover, quantification took into account a nonlinear Shirley background subtraction [20].

2.15. Statistical analysis

All quantitative measurements were reproduced in triplicate. Statistical analysis was carried
out with IBM SPSS 19 statistics software using one-way ANOVA. Results were considered

significantly different when p < 0.05.

3. Results

3.1. Antibacterial effect of nisin coated SS

Bacterial adhesion test was carried out to ensure that coatings had comparable adhesion
rates before performing antibacterial activity tests. Bacterial adhesion test on bare SS showed
an average of 26 = 5 adhered L. monocytogenes per microscopic field. The average of adhered
cells per microscopic field obtained for each coating type was comparable for all coating types
(Fig. 3). Indeed, the adhesion rate was 18 + 2,20 £ 3,20 + 3, 27.5 £4, 23 + 2 and 25 + 3.5 for
SD, SDN, SDG, SDGN, SDA and SDAN, respectively. Fig. 4 shows one microscopic field

representing the tendency of adhered bacteria on each sample.
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Fig. 3. Assessment of Listeria monocytogenes adhesion on SS, SD SDN SDG SDGN SDA and SDAN.
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Fig. 4. Listeria monocytogenes adherent cells on different coated SS. Acridine orange staining and

epifluorescence microscopy were used to assess L. monocytogenes adhesion capabilities.
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In order to characterize the antibacterial activity of coated surfaces, a challenge test
adapted from the antibacterial ISO 22196 test against Gram positive bacteria, was carried out .
After 3 h of L. monocytogenes contact with SS, SD, SDG and SDA, the bacterial load was log
5.26 £0.04, log 5.18 £0.02, log 5.16 £ 0.04 and log 5.15 + 0.03 CFU cm™ respectively. After
5 h, SS, SD, SDG and SDA registered a similar logarithm tendency of 3 h. Indeed, it was 5.36
+ 0.03, 5.21 + 0.06, 5.22 £ 0.02 and 5.17 £ 0.04 CFU cm respectively. Nisin coated SDN

registered after 3 and 5 h a bacterial logarithm of 5.17 + 0.05 and 5.17 £ 0.09 respectively.

Otherwise, for SDGN and SDAN, the bacterial logarithm obtained decreased of almost
2 and 1.5 CFU cm? respectively. Indeed, SDGN registered after 3 and 5 h a bacterial logarithm
of 2.20 £ 0.17 and 2.55 £ 0.12 CFU cm™ respectively, and SDAN registered after 3 and 5 h a
bacterial logarithm of 3.47 £ 0.05 and 3.55 £+ 0.04 respectively CFU cm™. After 24 h of bacterial
contact, the bacterial logarithm increased for all coated surfaces. In fact, SS, SD, SDN, SDG,
SDGN, SDA and SDAN registered respectively logarithmic values of 7.29 £ 0.10, 7.17 £ 0.07,

7.08 £0.05,7.19 £0.03,7.08 £0.08 and 7.21 + 0.04 CFU cm? (Fig. 5).

m3H mSH =24H

SS SD

SDN SDG SDGN SDA SDAN

D A 9 0 O
1 1 1 )

Log CFU/cm?

S = N W A

Fig. 5. Antimicrobial assessment of the different treated SS surfaces on Listeria monocytogenes.
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Otherwise, bacterial solution incubated for 3, 5 and 24 h upon control and nisin-coated
substrates, was stained by LIVE/DEAD Kit and observed using the epifluorescence
microscopy. The enumeration of viable cells, underlined that L. monocytogenes on SS, SD,
SDG and SDA registered predominantly viable cells after 3 and 5 h. Moreover, the bacterial
viability after 24 h had the same tendency for SS and all coated surfaces with or without the
antimicrobial nisin. Otherwise, bacterial viability decreased of 60 % and 50% after 3 and 5 h of
contact with SDGN and SDAN respectively while SDN did not decrease the bacterial viability

(Fig. 6).
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Fig. 6. Viability percentage of L. monocytogenes with LIVE/DEAD kit after 3, 5 and 24 h of contact
with SS and coated SS surfaces (£ SD).

SEM analyses were carried out to observe the bacterial state around effective
antimicrobial coatings, SDGN and SDAN. SS was taken as a control. L. monocytogenes state
was intact and the cell wall presented no degradation after 3 and 5 h of contact with SS (Fig.
7A and 7D). Otherwise, SEM micrographs in Fig. 7B, 7C, 7E, and 7F showed the damaged cell
wall of L. monocytogenes on SDGN and SDAN after 3 and 5 h of contact. Nisin granulations

were clearly detected near the bacteria (Fig. 7).
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Fig. 7. Scanning Electron Microscopy micrographs showing the state of Listeria monocytogenes
adhered to non-coated SS surface (A-D) and to coated SS surfaces (B-C-E-F) after 3 and 5 hours of
contact with the surfaces.

The antibacterial qualitative test showed a significant antibacterial activity linked to
SDGN and SDAN while SDN did not show an inhibition zone. SS, SD, SDG and SDA, taken

as control did not show any antimicrobial activity. Cellulose disc soaked in pure nisin showed

a diffusion circle while no diffusion was observed for SDGN and SDAN as shown in Fig. 8.

Fig. 8. Antibacterial assessment toward Listeria monocytogenes of different coated SS surfaces and
nisin (1 mg ml"). The experiment was performed on Mueller Hinton agar medium was seeded with L.
monocytogenes.
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3.2.8urface characterization of SS coated films
In order to understand the properties of treated surfaces, the presence of molecular
compounds and their relative quantities and nisin conformation on coatings, different tests for

analyzing the chemical properties of the treated surfaces were carried out.

WCA was measured on the different treated surfaces to make sure that nisin is fixed
onto SDGN, SDAN and SDN samples. WCA of bare SS was 61 + 2°. Treated surfaces SD,
SDG and SDA generated a decrease in the WCA, to 54 + 1°, 42 + 3° and 42 + 2° respectively.
These coatings provided the steel surface a more hydrophilic character. However, after nisin
addition to pretreated surfaces (SD, SDG and SDA), SDN, SDGN and SDAN were
characterized by higher WCA measurements that went from 81 + 3°, 83 + 3° and 73 + 2°

respectively (Table 1).

Table 1
WCA measurements on bare and different treated surfaces.
Surface WCA (°) Standard deviation (°)
SS 61 +2
SD 54 +1
SDG 42 +3
SDA 42 +2
SDN 81 +3
SDGN 83 +3
SDAN 73 +2

The surface roughness of coatings was analyzed by Alpha-Step IQ, stylus-based surface
profiler. Bare SS was characterized by a roughness R, equal to 2.8 + 0.1 nm and Rqequal to 3.9
+ 0.4 nm. After polydopamine immobilization on the SS surface (SD) the roughness values
decreased to R, equal to 1.9 + 0.3 nm and Rqequal to 2.5 + 0.4 nm. For SDN, after nisin grafting

on SD, roughness increased significantly to 4.8 £ 0.8 and 6 + 0.3 nm for R, and Ry respectively.
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SDG showed a similar roughness to bare SS and SDA presented a higher roughness values Ra
equal to 3.4 = 0.5 nm and Rqequal to 4.4 £ 0.5 nm. Otherwise, the nisin fixation on SDG and
SDA, barely increased the roughness of almost 0.5 nm for SDGN and 1 nm for SDAN. Indeed,
SDGN registered 3.08 + 0.2 nm for R, and 4.01 + 0.2 nm for Rq and SDAN registered 4 +

0.43 nm for Ra and 5.39 + 0.36 nm for Rq (Fig. 9).

®Ra (nm) =Rq (nm)

JI‘IIII

SDN SDG SDGN SDA SDAN

Roughness (nm)

S = N W A U1 &N
1

Fig. 9. Surface roughness parameters R, and R, for bare SS and coated SS surfaces.

On the same wave, the thickness results showed for SD a value of 310 + 7 nm. After
nisin addition to SD, the SDN thickness value increased significantly to 356 + 10.3 nm.
Otherwise, the thickness of SDG and SDA was 321.6 £ 3.7 nm and 327.6 £+ 3.05 nm respectively.
After nisin addition to SDG and SDA, the thickness values of SDGN and SGAN barely

increased to 326.6 £ 5.03 nm and 337.6 £ 2.08 nm respectively (Fig. 10).
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Fig. 10. Thickness of treated surfaces defined by averaged values in nm + SD.

Aiming to visualize the morphological modifications after molecular grafting on SS,
SEM analyze was carried out. Micrographs, shows that bare SS surface is smooth with small
holes and crevices. Otherwise, SD is characterized by granular spherical structures that result
from the 3D polymerization of dopamine. Moreover, the two-layers coatings, SDG, SDA and
SDN shows a shallower topography, while the three-layers coatings SDGN and SDAN are

characterized by bigger granular structures (Fig. 11).

Fig. 11. Scanning electron microscopy micrographs of bare SS coated surfaces.
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After SEM visualization, ion polishing was carried out in order to detect variations in
the different coatings structure of SD, SDGN, SDAN and SDN, as given in Fig. 12. The cross-
section showed variable specifications of each coating type. The micrographs A and B
representing SD sample showed a full coverage of SS and polymerized dopamine mass

respectively.

Fig. 12. SEM micrographs of cross section of coated surfaces after ion beam polishing. SD (A-B),
SDGN (C-D), SDAN (E-F), SDN (G-H).
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SDGN samples were represented by C and D micrographs where a mass of
polydopamine/Glutaraldehyde/Nisin was detected on the sample with a full coverage
preservation. E and F shows SDAN polished samples where the mass of
polydopamine/Succinic acid/Nisin was detected. However, holes were detected on the sample
(Micrograph F). The micrographs G and H presents the SDN coating samples. A low coverage

of polydopamine and nisin accumulation was detected on G and H respectively.

ATR-FTIR analysis was performed to characterize and determine changes in the
infrared bands related to the nisin immobilization on the polydopamine coated SS surfaces.
Normalized FTIR spectra of nisin and grafted nisin on the polydopamine coated surface are
presented in Fig. 13. Free nisin exhibited characteristic absorption bands at 3296 cm™' (axial
O-H and N-H stretching vibrations), 2962 cm™' (C—H stretching vibrations), 1640 cm™! (the
absorption peak of amide band), 1514 cm™' (bending of primary amines), 1441 cm™! (COO

symmetric stretching vibrations), and 1234 cm™' (C-N stretching vibrations) [21]

FTIR spectra of different treated SS surfaces showed a broadening and shift in N-H
stretching peak of nisin to higher wavenumber, which indicated that a new intermolecular H-
bonding between N—H groups of nisin with O—H stretch of polydopamine in the case of SDN,
succinic acid in the case of SDAN, and glutaraldehyde in the case of SDGN [22]. Amide groups
of nisin most likely caused a shifting in the wavenumbers when grafted onto polydopamine
coatings, without linker in the case of SDN (1600 cm™') or with linker in the case of SDAN
(1607 cm™) and SDGN (1606 cm™'). These subtle alterations may suggest that the
intermolecular interactions exist between amino groups of the nisin and polydopamine without
or with addition of linkers [23]. Besides, the nisin immobilization on the polydopamine coated
SS surface caused an increase in the wavenumber of COO" from 1244 cm™ in free nisin to 1290

cm™! approximatively in SDN, SDAN and SDGN. This change is probably attributed to the
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existence of intermolecular interactions between nisin and polydopamine in both cases, without

and with addition of linkers (succinic acid or glutaraldehyde).
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Fig. 13. FTIR spectra of different Nisin based coated SS surfaces.

ToF-SIMS spectra showed the relative intensity counts of the secondary ions
corresponding to a molecular compound present on the grafted samples. Table 2 summarized
the secondary ions detected by ToF-SIMS analyses of all coated surfaces SD, SDG, SDA, SDN,
SDGN and SDAN and the main characterizations concerning the quantifications and the

differences between surfaces. Fig. 14 represents the spectra of the three detected secondary ions
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CsH7NO,", C12H2sN™ and CasHooN3O4™ at m/z 149.04, 186.24 and 402 respectively. These ions

are relative of dopamine. The highest intensity was detected for SD treated surfaces, this

intensity decreased with the addition of molecular layers on SD coating.

Table 2

ToF-SIMS main characterizations.

Positive and Coating type
negative mlz Related compound with high spectra  References
secondary ions intensity count
CsH7NO* 149.04 Dopamine hypochloride: CsH;iNO, SD [24,25]
Ci2HxN* 186.24 Dopamine hypochloride: CsH;iNO, SD [26,27]
Ca3HzoN304* 402 Dopamine hypochloride: CsH;;NO,  SD [28]
C3;Hs0* 57.03 Glutaraldehyde: CsHsO» SDGN > SDG [29]
Ci2Hae* 170.2 Succinic acid: C4sHsO4 SDA > SDAN [30]
CsHo* 57.06 Succinic acid: CsHgO4 SDA > SDAN [30]
NH.* 18.03 CsH1NO, and all nisin amino acids ~ SR0N > SPN'> 3 45
SDAN
C,H5S* 61.01 Methionine (Met) of nisin SDGN > SDAN [31-33]
> SDN
.. SDGN > SDAN
2- 32
Sz 31.9 S (95,02 %) of nisin > SDN O
.. SDN > SDA >
+
Fe 55.95 SS containing Fe SDG a

Fig. 15 represented the spectrum of the secondary ion C3HsO" detected at m/z 57.03.

This ion corresponds to glutaraldehyde molecule. The intensity was the highest for SDG and
SDGN containing glutaraldehyde. The succinic acid was detected via two secondary ions C4Ho*
and Ci2Hae" spectra represented at m/z values are 57.06 and 170.2, respectively. The intensity
count was the most important for coatings containing succinic acid SDA and SDAN. The
highest intensity was for SDA then for SDAN in which the nisin covered succinic acid

compound (Fig. 16). Nisin was detected by three different secondary ions. NH4* spectrum was
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detected at m/z = 18.03. This ion corresponds to dopamine containing amino groups or for nisin
containing 34 amino acids. The intensity was the highest for SDGN then SDN then SDAN.
Methionin amino acid of nisin was detected on the spectrum of the secondary ion CoHsS* at
m/z = 61.01. Moreover, the negative secondary ion S»*" was detected at m/z = 31.9. For both
spectra, the intensity was the highest for SDGN then SDAN then SDN (Fig. 17). In order to
understand the homogeneity of the treated surfaces, the iron spectrum was analyzed. Iron
secondary ion spectrum was detected on m/z = 55.95. The intensity counts from the highest to

the lower was in the following order: SDN, SDA, SDG, SDAN, SDGN and SD (Fig. 18).
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Fig. 14. ToF-SIMS spectra representing dopamine secondary ions.
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Fig. 15. ToF-SIMS spectra representing glutaraldehyde secondary ions.
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Fig. 17. ToF-SIMS spectra representing nisin secondary ions.
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Fig. 18. ToF-SIMS spectra representing iron present in stainless steel.

XPS analyses were performed to provide the elemental composition and the distribution
of functional groups of the formed layer on the different polydopamine coated SS surfaces
without and with addition of nisin. The obtained XPS wide-scan (survey) spectra of different
coated SS surfaces (SD, SDN, SDAN and SDGN) are shown in Fig. 19. The low intensity of the
Fe2p signals in all cases is probably due to the higher coatings thickness on the SS. The obtained
high-resolution peaks for C 1s, O 1s and N 1s core levels, through a deconvoluted fitting
procedure using the CASA XPS software, were given in Fig. 20. The obtained values of binding
energy (BE, eV), the corresponding quantification (%) as well as their assignment for each
component were given in Table 3. XPS surface elemental analyses of different coated SS
surfaces (SD, SDN, SDAN and SDGN) were performed and given in Table 4. In all cases, the
sum of the atom concentrations was normalized to 100% in order to easily compare surface
concentrations for the different elements. Carbon and oxygen atomic percentages showed no
significant difference between the different coated SS surfaces. However, nitrogen atomic
percentage increased significantly after nisin addition for all treated surfaces. The maximum N
content value was found in the case of SDGN. Moreover, the sulfur element was absent for SD
and the highest value was observed for SDGN followed by SDN and SDAN. The percentage

of iron was nil on SD and SDGN while it was detected (very low) on SDN and SDAN. Hence
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it is clear that glutaraldehyde linker has a significant contribution in the covalently

incorporation nisin on the coating.

3010 10*
SD o c1s ,s] SDN ‘1‘5
25] \J/ C1s
207
204
-2 E N1s
1< Q 157
z ' “ g
§ * § 10, Fe 2p
Sk = -M
53 5
S \ﬁp
0 T T I T T I T T I T T — 0 T T I T T l T T I T  ; I
1200 900 600 300 0 1200 900 600 300 0
Binding energy (eV) Binding energy (eV)
30x10* 104
SDAN o1s 30 spen (3/1s
25 Cl1s
V 25] Ci1s
Vv
207
z Nis Z 20 N1s
3
T 153 { )
£ g 1s
Z Fe2p 2
E 104 £
- '/\/JW =
o . W
L S2p - Sjl’
0 T T T T T T T T T T T 1 0 LA d
5 T T T T T T T T T T T i
1200 900 600 300 0 1200 900 600 300 0

Binding energy (¢V) Binding energy (eV)
2)

Fig. 19. XPS survey spectra of different coated SS surfaces.

The C 1s peak deconvolution for polydopamine coated SS surfaces without
incorporation of nisin (SD), and with its incorporation without linker addition (SDN) and with
linker addition (SDAN, SDGN) may be fitted into three components as shown in Fig. 20 and
Table 3. SD shows two dominant components attributed to the C—C, C=C and C-H bonds at
284.8 eV and C-N/C-O at 286.2 eV of dopamine polymerized structure and one small
component attributed to C=0O at 287.8 eV that corresponds to possible tautomers of
polydopamine [34]. The incorporation of nisin onto polydopamine coated SS surfaces without
or with linker addition reveals a significant increase in the contribution of the component at
high binding energy side, probably due to the apparition of —-COOH and —CONH groups.
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Indeed, all nisin characteristic functions were observed on the coatings and C 1s results
permitted to confirm the nisin covalent incorporation into the different investigated coatings
(SDN, SDAN, SDGN).

The O 1s region of SD, given in Fig. 20, is fitted in two peaks at 531.2 and 533.0 eV
assigned to O=C and O-C species, respectively. The XPS deconvoluted O 1s spectra of SDN,
SDAN and SDGN support that the incorporation of nisin without and with linker addition
increase the percentage of C=0 in the coatings, which prove that the nisin molecules were
successfully linked into the different coated SS surfaces.

The N 1s region of SD surface is fitted into two components at 400.2 and 402.3 eV (Fig.
20). The first one represents the most contribution (91 %) and can be assigned to secondary
amine (R-NH-R), while the second component can be attributed to the primary amine
(R-NH>) functionality [35]. Indeed, the secondary amine component dominates the N 1s
region, as it is associated to polydopamine. In the case of SDN surface, the N 1s spectrum is
fitted into two components, the small one (4%) at 402.2 eV attributed to the primary (R-NH>)
and the dominant one (96 %) assigned to the secondary (R-NH—-R), and tertiary/aromatic
(=N-R) amine functionalities [35]. The secondary amine is associated to both polydopamine
and nisin, and the tertiary amine is associated to nisin only. The same behaviour was observed
in the case of SDAN coating. However, the main component at 399.9 eV can be also attributed
to the formation of amid functional group as result of the reaction of NH»> group of nisin with
the succinic acid used as linker in the SDAN coating. On the other hand, the N 1s peak was
shifted to lower binding energy side for the SDGN coating, compared to other coatings (SD,
SDN and SDAN) as shown in Fig. 20. The high resolution deconvoluted XPS spectra of N 1s
peaks for SDGN surface show two types of nitrogen at 399.4 eV for tertiary/aromatic (=N—R)
amine, 399.9 eV for the secondary (R-NH-R) amine type. It is worth noting that the primary

(R-NH>) amine has disappeared, and the quantification result, given in Table 3, shows that the
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percentage of =N—R was the highest (88 %). This can be explained by the possible formation
of imine functional group, resulting of the reaction of NH> group of nisin with the

glutaraldehyde used as a linker in the SDGN coating.
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Fig. 20. High-resolution X-ray photoelectron deconvoluted profiles of C 1s, O 1s and N 1s for different
coated SS surfaces.
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Table 3
Binding energies (e V), relative intensity and their assignment for the major core lines observed different
coated SS surfaces.

Element Position (eV) Assignment
SD
Cls 284.8 (59 %) C-H/C-C/C=C
286.2 (30 %) C-N/C-O
287.8 (11 %) C=0
O ls 531.2 (32 %) 0=C
533.0 (68 %) 0-C
N s 400.2 (91 %) -NH
402.3 (9 %) —-NH»
SDN
Cls 284.8 (50 %) C-H/C-C/C=C
286.2 (33 %) C-O/C-N/C=N/C-S
288.1 (17 %) —COOH / -CONH
O 1s 531.3 (66 %) 0=C
532.8 (34 %) 0-C
N s 399.9 (96 %) =N- structure / —-NH
402.2 (4 %) -NH,
SDAN
Cls 284.7 (47 %) C-H/C-C/C=C
286.0 (38 %) C-O/C-N/C=N/C-S
287.9 (15 %) —COOH / —-CONH
O ls 531.2 (59 %) 0=C
532.7 (41 %) 0-C
N s 399.9 (95 %) =N- structure / —-NH
402.2 (5 %) -NH»
SDGN
Cls 284.4 (37 %) C-H/C-C/C=C
285.6 (40 %) C-O/C-N/C=N/C-S
287.5 (23 %) —COOH / -CONH
O 1s 530.8 (51 %) 0=C
532.0 (49 %) 0-C
N 1s 399.4 (88 %) =N- structure
400.6 (12 %) -NH

Table 4

Atomic percentage of atoms (%) on coated SS surfaces by XPS.

Atom SD SDN SDGN SDAN
C 76.62 70.14 67.87 70.38
O 16.17 16.60 16.66 17.35
N 7.16 12.83 14.40 11.91
S 0.00 0.34 1.07 0.20
Fe 0.00 0.10 0.00 0.16
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4. Discussion

The antimicrobial grafting on materials used in medical and food sectors, like SS,
constitutes a promising way forward. In this research, bacteriocin nisin produced by
Lactococcus lactis subsp lactis, was successfully grafted on the surface of SS. The aim of this
study was to investigate the antimicrobial effect and chemical properties of elaborated coatings.
After ensuring that the bacterial adhesion rate was similar and comparable on all coated
surfaces, the antimicrobial tests were carried out. Nisin was grafted onto the steel according to
two approaches using its —-NH> and —COOH groups (Fig. 2). Moreover, studies on nisin
mechanism suggested that its effective action requires the presence of its carboxylic and amino
groups in a non-linked state [10,36,37]. However, the challenge test results showed an effective
antimicrobial activity for SDGN followed by SDAN when nisin is linked by its amino group
keeping the carboxylic terminal group free. The antimicrobial effect was the most efficient after
3 and 5 h of contact while the bacterial population increased after 24 h. These results suggest
single use surfaces of these coatings. Otherwise, for SDN samples, nisin’s carboxylic group
was linked and its amino group was free, the challenge test did not reveal an antimicrobial
effect. This demonstrates the implication of hydrophilic side of nisin, containing the non-linked
—COOH, in the antimicrobial activity. On the same wave, the viability percentages of L.
monocytogenes decreased of almost 70 % for SDGN and SDAN while no decrease was detected
for SDN.

The antibacterial qualitative assessment demonstrated bacterial efficiency only for
SDGN and SDAN and that nisin linkage to these coatings inhibited its diffusion while free nisin
soaked in a cellulose disc showed an inhibition zone due to its diffusion. Nisin mode of action
was highlighted by the MEB analysis of the effective antibacterial SDGN and SDAN. Indeed,

the micrographs presented the damaged bacterial membrane of dead L. monocytogenes. In order
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to understand these difference of antimicrobial efficacy between SDGN, SDAN and SDN,
surfaces properties were characterized chemically and morphologically.

WCA is a technique that is sensitive to the extreme surface of a coating [38]. It was
carried out for all elaborated surfaces in order to detect hydrophobicity modification after
molecules grafting. Indeed, the hydrophobicity increased on SDN, SDAN and SDGN proving
nisin attachment to samples. Furthermore, studies have shown that the hydrophilicity of a
surface may contribute in the prevention of bacterial contamination of coated surfaces [39,40].
However, the antibacterial tests showed that nisin-coated surfaces were not all antimicrobial
while WCA measurements were of the same order. Indeed, the hydrophilic character of nisin-
coated surfaces was not involved in the antimicrobial efficiency.

FTIR analyses permitted the detection of functional groups linked to nisin molecule in
the free and grafted state. The results gave the evidence that nisin was attached to the
polydopamine coating. In all coated surfaces SDN, SDGN and SDAN, intramolecular
interactions between polydopamine and nisin were detected regardless the presence of linkers

or not between the two molecules.

ToF-SIMS and XPS analyses were carried out to understand nisin conformation and
quantitative aspects of elements on the coatings. Tof-SIMS spectra showed the relative intensity
counts of the secondary ions corresponding to each grafted compound present on the samples.
The depth profiling limit of Tof-SIMS was around few nanometers. Each compound grafted in
the external layer of each developed coating was identified via the secondary ions and analyzed
quantitatively and qualitatively. Polydopamine, glutaraldehyde and succinic acid were
identified on the coatings already containing each compound. For dopamine, when layers were
added, the intensity count of the ion corresponding to the internal layer decreased (SD > SDG-
SDA-SDN > SDGN-SDAN). Concerning nisin specific secondary ions, the intensity counts of

each ion was compared between SDN, SDAN and SDN containing nisin. NH4" spectra showed
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the highest intensity for SDGN then for SDN then for SDAN. Otherwise, CoHsS* and S>>
spectra intensity followed the level of antibacterial efficiency, from efficient to less efficient to
inefficient. Indeed, the intensity for both ions was the highest for SDGN then SDAN then SDN.
The intensity of NH4" spectra was higher for SDN than SDAN due to the presence of
polydopamine directly linked to nisin in SDN. Indeed, NH4" is a secondary ion representing
dopamine and nisin at the same time. The SDN peak intensity of NH4" represented both nisin
and polydopamine. Therefore, nisin quantity was the highest for SDGN then SDN then SDAN.
Moreover, C2HsS* secondary ion representing the methionine amino acid located at sites 17 and
21 of nisin that are closer to the side containing the carboxylic terminal group. This ion was
more pronounced for SDGN and SDAN where nisin —COOH side is free than for SDN where
nisin —COOH side is engaged. This result permitted to confirm the nisin orientation. Moreover,
in order to investigate the coatings homogeneity, Fe* intensity peaks showed that SD was fully
covered by polydopamine and the coating was homogeneous. For SDN, SDG and SDA, the
nisin, glutaraldehyde and succinic acid addition on SD respectively, guided the polydopamine
with it and SS bare surface was detected via Fe ions. However, For SDGN and SDAN, the
nisin addition on SDG and SDA decreased the intensity peak of Fe™ The decrease was more
important for SDGN than SDAN. Indeed, SDGN was considered homogeneous while SDAN

presented some heterogeneities.

XPS results were in concordance with ToF-SIMS. The sampling depth of XPS analysis
is approximatively of 70 nm. The atomic percentage of nitrogen was the most important for
SDGN followed by SDN then SDAN. The nitrogen percentage of SDN was higher than SDAN
because of the presence of nitrogen in polydopamine, detected for SDN. The percentage of
sulfur was nil on SD due to the absence of nisin containing disulfide bridges. SDGN had the
highest atomic percentage followed by SDN and SDAN. The atomic percentage of iron, on the

same wave of ToF-SIMS results, was nil for SD and SDGN and detected for SDN and SDAN.
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The XPS survey spectra certified the interpretation of ToF-SIMS and XPS atomic percentages.
Indeed, the peak analyses confirmed that nisin quantity on SDGN was the highest followed by
SDN then SDAN. Moreover, the detection on iron peaks on SDN and SDAN confirmed the
heterogeneity of these two coatings while SD and SDGN were homogenous and SS was fully
covered. For the C 1s signal, C=N, C-S and C=0 assignments detected on SDN, SDAN and
SDGN represented nisin adsorption especially the carbon-sulfur bond conferring to disulphide
bonds in nisin. Peaks representing the functional groups -COOH and —CONH were also
detected on those three coatings with different percentages. Indeed, for SDGN, it was the
highest (23%) then SDN (17%) then SDAN (15%). This percentages distribution indicated the
difference in nisin quantity grafted on each surface. For the O 1s signal, on SD, H>O adsorption
was linked to its hydrophilic character while —O=C bond appeared for nisin grafted coatings.
The highest percentages were detected for SDGN (49 %) and SDAN (41 %) while it was less
pronounced for SDN (34 %). This difference is linked to the conformation of nisin on those
surfaces. The acidic function is free and more exposed for SDGN and SDAN while nisin is

linked by its carboxylic function to polydopamine on SDN (Fig. 20, Table 3).

Several studies demonstrated that the increase in a surface roughness induces a decrease
in the antimicrobial effect [41-44]. Moreover, a rough surface provides an adequate
environment for the bacteria to adhere on a surface and generates a biofilm. These results are
consistent with the literature, SDN coating was inactive against L. monocytogenes while its
surface roughness was the highest. However, SDGN and SDAN registered the lowest surface
roughness and showed an effective antimicrobial activity. Indeed, the use of several approaches
in grafting nisin may lead to its conformation modification on the surface that can be the cause

of the variation of surface roughness and antimicrobial activity.

Roughness and thickness results illustrated the morphology of each coating type.

Roughness and thickness of SDN after nisin addition increased significantly while it barely
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increased after nisin addition to SDA and SDG. Indeed, nisin tended to accumulate on SDN
while it is distributed evenly without increasing the roughness and thickness of SDGN and
SDAN. Moreover, the presence of iron detected on SDAN and SDN proved their heterogeneity.
Nisin accumulation and iron presence on SDN demonstrate a columnar coating. This
accumulation and chemical bonding might be the cause of nisin inactivity towards L.
monocytogenes. Otherwise, SDGN and SDAN seems to present a similar structure despite the
presence of coverage heterogeneity on SDAN (Fe detection). The antimicrobial highest
effectiveness of SDGN was linked to nisin highest quantity adsorption, to nisin free carboxylic
group playing a role in antibacterial mechanism and to homogeneity of the coating. Moreover,
SDAN antimicrobial effectiveness was linked to nisin chemical linkage with a free carboxylic
group like SDGN and nisin distribution on succinic acid without its accumulation. The
diminution of its activity in comparison with SDGN is linked to nisin lower quantity and
heterogeneity in the coverage. SEM of coatings permitted to show the global morphology and
detect different morphologies after molecules grafting. It showed the surface from the top but
did not allow to see some other differences in coating microstructure such as columnar aspect,
porosity and stainless steel/dopamine interface, .... Therefore, ion polishing was carried out to
analyse the cross section of each coating. The observed microstructural variations of the
different coatings were in concordance with FTIR, XPS, ToF SIMS, roughness and thickness
analysis. Indeed, SD was homogeneous and polymerized dopamine was detected and the
surface was fully covered. Moreover, SDGN was also homogeneous and the surface was fully
covered. The presence of porosity in SDAN micrographs outlined the Fe detection by ToF
SIMS. This explains why the antimicrobial effectiveness of SDGN was higher than SDAN.
Otherwise, SDN micrographs showed a non-homogenous and non uniform covering coating
presenting nisin accumulation in a tubular aspect. The accumulation and chemical conformation

of nisin initially linked via its carboxylic group lead to the inactivation of antimicrobial efficacy.
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Moreover, these results explain the high roughness and thickness of SDN after nisin addition

in comparison with SDGN and SDAN.

Conclusions

This study permitted to reach the main goal concerning the prevention of biofilm
formation on SS surface in order to protect population health. The functionalized surfaces were
analyzed chemically and biologically. Challenge tests, antibacterial qualitative testing, SEM
and LIVE/DEAD techniques towards L. monocytogenes demonstrated the antimicrobial
effectiveness of SDGN followed by SDAN and the non-efficient activity of SDN. The chemical
grafting of molecules on the different prepared surfaces provided information of nisin linkage
conformation on each surface. The results showed that nisin was linked in SDGN and SDAN
by its amino group to glutaraldehyde and succinic acid respectively, and in SDN by its
carboxylic group to polydopamine. Moreover, ToF-SIMS, XPS, surface roughness and
thickness analysis, ionic polishing and WCA enabled the understanding of surfaces
homogeneities, nisin presence and quantification, and coatings qualifications. Indeed, those

analyses showed that the nisin carboxylic group participate in the antibacterial effect.
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