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Functional Nanogels as Platforms for Imparting
Antibacterial, Antibiofilm, and Antiadhesion Activities to

Stainless Steel

Emilie Faure, Céline Falentin-Daudré, Tiziana Svaldo Lanero, Christelle Vreuls,
Germaine Zocchi, Cécile Van De Weerdt, Joseph Martial, Christine Jéréme,

Anne-Sophie Duwez, and Christophe Detrembleur*

In this work, long-term antibacterial, antiadhesion, and antibiofilm activi-

ties are afforded to industrial stainless steel surfaces following a green and
bio-inspired strategy. Starting from catechol bearing synthetic polymers, the
film cross-linking and the grafting of active (bio)molecules are possible under
environmentally friendly conditions (in aqueous media and at room tempera-
ture). A bio-inspired polyelectrolyte, a polycation-bearing catechol, is used as
the film-anchoring polymer while a poly(methacrylamide)-bearing quinone
groups serves as the cross-linking agent in combination with a polymer

is particularly attractive to overcome this
limitation and has demonstrated to have
huge potential in the coating field.™ Con-
sidering the cross-linking growth from
aqueous solutions, covalent coupling can
be afforded by physical (UVE! or thermall®
curing) or chemical post-treatments. In
the latter case, complementary reactive
groups are present on the two polyelec-
trolytes partners that are involved in the

bearing primary amine groups. The amine/quinone reaction is exploited
to prepare stable solutions of nanogels in water at room temperature that
can be easily deposited to stainless steel. This coating provides quinone-
functionalized surfaces that are then used to covalently anchor active (bio)
molecules (antibiofilm enzyme and antiadhesion polymer) through thiol/

quinone reactions.

1. Introduction

Layer-by-layer (LbL) technology has been widely developed in
the literature during last decades because of its simplicity and
versatility in coating every kind and shape of substrates.l'l Many
scientific reviews based on multilayers films built by electrostatic
interactions!? or hydrogen bonds!®! were published during the
last ten years traducing the growing interest in this technique.
However these building strategies have one major drawback:
the lack of long-term durability. Therefore covalent assembly
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multilayer film. These groups are for
instances amine (or alcohol) with car-
boxylic acid groups,! with aldehydes!® or
epoxides.’l Click chemistry has also been
applied to cross-link multilayers films.[¥
All these cross-linking strategies therefore
require a post-treatment of the LbL film
that increases the cost and time needed
to get the substrate fully functionalized.
Strategies involving two components that
cross-link together during the film building without post-treat-
ment exist but demand long immersion times.[!!

We report here on a fast and water based cross-linking
process exploiting the redox properties of DOPA molecules
to provide reactive coatings available for further modifications
in mild conditions. We tailored a homopolymer of methacry-
lamide bearing 3,4-dihydroxy-L-phenylalanine (P(mDOPA),
1, Figure 1) specifically designed to covalently cross-link the
multilayer film during the building process and to covalently
immobilize active (bio)molecules. This strategy has several
advantages over existing methods: i) it is a one step proce-
dure without further purification or post-treatment, ii) there
is no use of external cross-linking agent, iii) coupling reac-
tions are fast at room temperature in water, iv) no undesirable
side products are formed and released out of the film, and
v) active (bio)molecules can be covalently grafted to the sur-
face. Furthermore, for the first time, we will report on novel
water-based cross-linked reactive nanogels that can be directly
deposited onto the surface pre-coated by a bio-inspired glue,
a cationic polyelectrolyte bearing DOPA units (P(mDOPA)-co-
P(DMAEMA"), 4, Figure 1)1 that mimics the composition
of adhesive proteins present in mussel foot.'3 Fast substrate
functionalization is therefore now available using environmen-
tally friendly procedures. The efficiency and versatility of the
two strategies investigated in this paper will be illustrated by
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Figure 1. Chemical structures of (1) P(mDOPA), (2) Pox(mDOPA) (3) PAH, and (4) P(mDOPA)-co-P(DMAEMAY).

imparting long-term antibacterial, antibiofilm but also antiad-
hesion properties to stainless steel (SS) substrates.

2. Results and Discussion

In this work, the cross-linking of the LbL film occurs through
the well-known amine/quinone reactions!' between a
poly(methacrylamide) bearing quinones (oxidized DOPA moie-
ties) on each monomer unit (Pox(mDOPA), 2, Figure 1) and
a commercially available polymer containing primary amines,
poly(allylamine) (PAH, 3, Figure 1). Importantly, both partners
are covalently coupled through Schiff base formation and/or
Michael addition reaction at room temperature in aqueous media.
In order to favor the strong anchoring of the coating on the sur-
face (industrial SS in this study), the substrate was first immersed
in an aqueous solution of the bio-inspired glue that contains the
adherent catechol groups, P(mDOPA)-co-P(DMAEMA?), prior to
the deposition of the cross-linked coating.

The poly(methacrylamide) bearing DOPA units (P(mDOPA),
1, Figure 1) is therefore used as the main platform for the prep-
aration of the functional coating. The versatility and efficiency
of the developed systems are illustrated below by designing
new antibacterial and antibiofilm/antiadhesion coatings on
industrial stainless steel surfaces using both the LbL and the
nanogels approaches.

2.1. LbL Deposition of Silver-Loaded Polymer (Pox(mDOPA)-
Ag®) with PAH and Antibacterial Activity

Silver nitrate addition to the aqueous dispersion of 1 leads to
the fast reduction by the catechol groups of Ag* into elemental
silver nanoparticles (Ag®)!'21% that are stabilized by the water-
soluble oxidized polymer (Pox(mDOPA), 2, Figure 1). This
reaction that occurs in water at room temperature imparts mul-
tifunctionality to the polymer i) by loading it with biocidal Ag’
nanoparticles!'”) and ii) by rendering it reactive towards primary
amino groups and thus towards cross-linking (thanks to the
quinone groups). The first strategy to design the AB coating
consists in building a LbL film (see ESI, Supporting Infor-
mation Figure S1) by the alternative deposition of the silver
loaded polymer (Pox(mDOPA)-Ag®) solution with PAH on
stainless steel (SS) that is pre-coated by a first layer of the glue

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

(P(mDOPA)-co-P(DMAEMA™) 1214, Figure 1). This glue is first
deposited by dipping the substrate into an aqueous solution of
4 at 2 g L™! at room temperature. Then the successive substrate
immersions into Pox(mDOPA)-Ag’ and PAH aqueous solu-
tions contribute to the multilayer growth (see ESI, Supporting
Information Figure S1). It is important to mention that the pH
of PAH solution is adjusted to about 10 in order to get its pri-
mary amines deprotonated, and therefore having them reactive
towards the quinone groups of Pox(mDOPA).

The formation of the silver nanoparticles by P(mDOPA)
in aqueous solution was characterized by transmission elec-
tron microscopy (TEM) and energy-dispersive X-ray (EDX)
spectroscopy. The presence of small metal particles in the 10
nanometer range for an aqueous solution of Pox(mDOPA)-
Ag® at a concentration of 0.1 g L™! has been observed by TEM
(see ESI, Supporting Information Figure S2). EDX is used to
probe the elemental analysis of a 5-bilayers film, P(mDOPA)-
co-P(DMAEMAY)/[(Pox(mDOPA)-Ag’/PAH)s], built on SS.
Intense signals around 3 keV and 3.2 keV are characteristic of
Ag® (see ESI, Supporting Information Figure S3) and therefore
prove the presence of these particles in the multilayer film.

The film building was demonstrated by quartz crystal micro-
balance coupled with dissipation (QCM-D) in a previous publi-
cation!™® and ellipsometry measurement reveals that a 5-bilayers
film that is not silver loaded, P(mDOPA)-co-P(DMAEMA")/
[(Pox(mDOPA)/PAH)s), has a thickness of about 9-10 nm. Anal-
ysis of silver loaded films is not possible by these techniques
(large baseline fluctuations in QCMD and unknown optical
values for silver nanoparticles in ellipsometry).

Antibacterial (AB) activity of the silver loaded coatings in
solution against Gram negative bacteria, Escherichia coli, was
investigated by the viable-cell counting method.'8! Some of
these coatings were immersed in various media for one night
at 50 °C (basic water, diluted household cleaner (hhc), hot water
(50 °C), etc.) and even cleaned with a wet sponge before testing
in order to evaluate the efficiency of the cross-linking reactions
on the durability of the AB activity.

Bare stainless steel and the LbL coating without silver nano-
particles (P(mDOPA)-co-P(DMAEMA*)/[(Pox(mDOPA)/PAH)s))
did not present any AB activity (Table 1, entries 1 and 2). The
uppermost layer of the multilayer film (Pox(mDOPA) and even-
tually uncovered PAH) is therefore not active against bacteria.
On the other hand, when the silver loaded coating formed by
alternating 5 layers of Pox(mDOPA)-Ag® and PAH (noted
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Table 1. Antibacterial activity of SS substrates covered or not by DOPA-based multilayer films against E. coli (To = 1.7.10% cell mL™"; Ty = initial

number of bacteria per mL used for the test).

Entry Sample 1 h of contact 2 h of contact 19 h of contact
CellmL™'® Reduction rate CellmL™® Reduction rate CellmL™'® Reduction rate

(%] (9] [%]
1 Bare SS 4.1x10° - 1.6x10° - 5.3 x10° -
2 Multilayer®) 5.9x10° - 8.7x10° - 1% 108 -
3 Control9 1.2x 102 99.93 0 100 0 100
4 Immersed in cold water 3.4 x10* 80 4.2%x10? 99.75 5.8 x 102 99.66
5 | Immersed in hot water 30 99.98 0 100 0 100

Silver
- 3
6 loaded-multilayer) Immersed in diluted hhc 5.4%x 10 96.8 0 100 0 100
7 Immersed in basic 2.3x10* 86.5 20 99.99 0 100
medium

8 Mechanical test 3.2x10% 81 40 99.97 0 100

3 Survival number of bacteria mL™"; ® (P(mDOPA)-co-P(DMAEMA*) /[ (Pox(mDOPA) /PAH)s]); 9 (P(mMDOPA)-co-P(DMAEMA®) /[ (Pox(mDOPA)-Ag®/PAH)s]).

(P(mDOPA)-co-P(DMAEMA")/[(Pox(mDOPA)-Ag®/PAH)s]) was
considered, a high AB activity was observed (Table 1, entry 3)
and was preserved even after one night of immersion in water as
shown by 99.96% reduction of survival bacteria compared to bare
SS (Table 1, entry 4). In order to test the durability of the coating
in various conditions, five different treatments were applied to
the coating before carrying out the AB test. Importantly, this AB
coating activity was boosted when the substrate was immersed
in hot water (50 °C) overnight prior to testing. All bacteria were
killed after two h of incubation (Table 1, entry 5). Table 1 shows
that the silver loaded coatings remained highly active whatever
the surface was immersed at 50 °C in diluted hhc (Table 1, entry
6) or basic water (Table 1, entry 7), or was cleaned with a wet
sponge after being dipped one night in hot water (Table 1, entry
8). We assume that the temperature enhances the film cross-
linking rate and consequently improves the durability of the
coating. For the sake of comparison, when poly(ethylenimine)
(PEI; commonly used as a first layer for the anchoring of LbL
films onto various surfaces)!'] was used as the first layer instead
of our bio-inspired glue (P(mDOPA)-co-P(DMAEMAY)), the AB
activity was completely lost after overnight immersions in the
same conditions (diluted hhc, basic water, etc.) (data not shown).
This control experiment demonstrates that our copolymer
bearing DOPA moieties is necessary for anchoring the coating
on the SS surface and for preserving the AB activity.

Although this surface modification is highly efficient, it
requires the LbL process of about 5 bilayers that makes the
strategy difficult to scale-up at industrial level. In the next sec-
tion, we describe how the same polymeric partners can be pre-
assembled to provide AB coating in a more practical and con-
venient approach.

2.2. Formation of Silver Loaded Nanogels, Pox(mDOPA)-Ag?/
PAH, Deposition Onto Stainless Steel and Antibacterial Activity

Instead of alternatively depositing Pox(mDOPA)-Ag® and PAH
onto SS for providing a cross-linked AB film, we envisioned
the formation of nanogels Pox(mDOPA)-Ag’/PAH in aqueous
solution (see ESI, Supporting Information Figure S4) prior

Adv. Funct. Mater. 2012, 22, 5271-5282

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

to their deposition on the substrate that has been pre-coated
by the glue (P(mDOPA)-co-P(DMAEMA®)) according to the
strategy shown in Figure 2 (right). This “all-in-one” approach is
expected to increase the processing rate and to reduce the pro-
duction costs by decreasing the number of dipping steps while
maintaining a high AB activity and durability.

The formation of nanogels Pox(mDOPA)/PAH that are not
silver loaded was first studied by the slow addition of a solution
of PAH (1 g L™!) to an aqueous solution of Pox(mDOPA) at room
temperature (see ESI, Supporting Information Figure S4, (a)).
Weight ratios and addition modes of the two partners were con-
trolled to form stable dispersions of nanogels (Pox(mDOPA)/
PAH). For that purpose, the slow addition of PAH (1 g L) to
an aqueous solution of Pox(mDOPA) (1 g L) resulted in the
spontaneous formation of a stable and clear light brown solu-
tion of cross-linked nanogels at room temperature. The pres-
ence of the nanogels was confirmed by TEM that showed nano-
gels with a diameter ranging from 20 to 30 nm (Figure 3A).
It is important to note that the nanogels solution had to be
lyophilized on the TEM grid prior to analysis. If the solution
was simply dropped onto the grid and slowly dried at room
temperature under atmospheric conditions, nanogels strongly
aggregated (see ESI, Supporting Information Figure S5A).
Analysis by dynamic light scattering (DLS) without filtration
showed nanogels agglomeration with an average hydrodynamic
diameter equal to 120 £ 30 nm with a rather high polydisper-
sity (PDI = 0.2) (see ESI, Supporting Information Figure S6).
The nanogels solutions were stable for at least one month when
stored at room temperature and at pH around 10 without stir-
ring. Indeed, the solution remained clear without any precipita-
tion and the hydrodynamic diameter distribution obtained by
DLS remained almost unchanged after one month of storage
(see ESI, Supporting Information Figure S6).

The cross-linking reaction through the amine/quinone
reaction has been proven by solid state 3C NMR analysis of
the lyophilized product with typical signals around 160 ppm
assigned to the newly formed imine bonds (Figure 4b), coming
from the Schiff base formation. The Michael addition is also
expected to occur but cannot be evidenced on the basis of the
NMR experiment. Moreover, the freeze-dried solution cannot
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Figure 2. Formation of AB films from silver loaded nanogels (Pox(mDOPA)-Ag®/PAH) (right) and antibiofilm/antiadhesion coatings by immobilization

of DspB and PEG-SH onto (Pox(mDOPA)/PAH) nanogels (left).

be re-dispersed in any solvent indicating that the nanogels were
cross-linked.

The deposition of the nanogels onto SS was then followed
by QCM-D. First, an aqueous solution of the biomimetic glue,
P(mDOPA)-co-P(DMAEMA™) (2 g L), was flowed through the
cell at room temperature, leading to the first anchoring layer
(see ESI, Supporting Information Figure S7). After removing
the excess unbounded polymer by rinsing with water, the depo-
sition of the nanogels solution was observed by the important

decrease of the frequency vibration.[?% Importantly, this layer of
nanogels was stable since it cannot be removed after rinsing
with water. Flowing the cell with PAH then led to the deposi-
tion of this polymer that served as anchoring layer between two
nanogels layers by the reaction of primary amines of PAH with
residual quinone groups present in the nanogels. Rinsing steps
between each layer were applied to remove excess polymer
before the deposition of the next layer. The ellipsometry meas-
urements of a monolayer of nanogels Pox(mDOPA)/PAH on
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Figure 3. TEM images of nanogels Pox(mDOPA) /PAH solution after lyophilisation (A) and AFM investigations of a monolayer of nanogels Pox(mDOPA) /
PAH on SS pre-coated by the biomimetic glue (B: topographic image, C: phase signal). TEM image of silver loaded nanogels Pox(mDOPA)-Ag®/PAH
solution after lyophilization (D) and AFM investigations of a monolayer of silver loaded nanogels Pox(mDOPA)-Ag®/PAH on stainless steel pre-coated
by the biomimetic glue (E: topographic image, F: phase signal). AFM image dimensions: 600 hm x 600 nm.
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Pox(mDOPA)-Ag’/PAH, the morphology of
the outer layer was analogous (Figure 3E). A
signature of the presence of Ag particles was
not evident in phase contrast (Figure 3F) and
the metal nanoparticles were difficult to be
located without any doubt in the topographic
images due to the similar dimension of the
grains of the stainless steel surface. The
roughness has been evaluated for the dif-
ferent surfaces on several areas of 600 x 600
nm? giving the following values: 2.3 £ 0.5 nm
in the case of clean SS, 2.7 + 0.2 nm in the
case of nanogels Pox(mDOPA)/PAH and 6.1
1 0.9 nm in the case of silver loaded nanogels
Pox(mDOPA)-Ag?/PAH. The comparable
roughness between clean SS and nanogels
Pox(mDOPA)/PAH reflected the capability

190 180 170 160 150 140 130 120

Figure 4. '>*C NMR spectra in the solid state of a) Pox(mDOPA), b) nanogels Pox(mDOPA)/

PAH, and c) silver loaded nanogels Pox(mDOPA)-Ag’/PAH.

stainless steel pre-coated by the biomimetic glue predicted a
thickness of 10-12 nm.

Antibacterial nanogels (Pox(mDOPA)-Ag’/PAH) were then
prepared in a similar way by the addition of a PAH solution
(1 g LY to an aqueous solution of silver loaded Pox(mDOPA)
(see ESI, Supporting Information Figure S4, (b)), resulting
in the appearance of a milky-yellow-brown suspension that is
stable for about 5 days. TEM evidenced the formation of spher-
ical nanogels whose sizes range from 20 to 30 nm (Figure 3D).
The suspension was lyophilized in order to fix the system and
avoid particle agglomeration that is observed when the solu-
tion is dried under atmospheric conditions at room tempera-
ture on the TEM grid (see ESI, Supporting Information Figure
S5B). DLS measurement without filtration (see ESI, Supporting
Information Figure S8) evidenced the presence of some nano-
gels agglomeration with an average hydrodynamic diameter of
200 nm (£ 50 nm) with a rather high polydispersity (PDI = 0.2).
Moreover, the lyophilized nanogels cannot be re-dispersed in
water suggesting that the nanogels are cross-linked. Solid-state
13C NMR of these lyophilized nanogels was then carried out. In
contrast to cross-linked nanogels that are not silver loaded, the
silver loaded ones presented only a slight peak around 160 ppm
assigned to the imine bond. On the other hand, the intensity of
the signal at 140 ppm (already observed on Pox(mDOPA) and
assigned to C=C bond in o-position of the quinone groups)
strongly increased in the silver loaded cross-linked system. This
intensity increase was the result of =C-NH- formed by Michael
addition of the primary amine of PAH to the quinone groups of
Pox(mDOPA) (Figure 4c). This significant difference between
silver loaded and unloaded nanogels is certainly the result of
the complexation of the quinone groups by the silver nanopar-
ticles that avoids the Schiff base formation to the benefit of the
Michael addition.

Through AFM investigation, the formation of a monolayer
of nanogels Pox(mDOPA)/PAH on stainless steel pre-coated
by the biomimetic glue was observed (Figure 3B,C). In the
case of the monolayer assembled by silver loaded nanogels
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the substrate. The presence of the Ag® par-
ticles inside the monolayer can be therefore
inferred by the increased roughness meas-
ured in the case of nanogels Pox(mDOPA)-
Ag®/PAH on respect of nanogels Pox(mDOPA)/PAH and of
uncoated stainless steel surfaces.

AB coating was then formed by dipping the substrate, pre-
coated by a layer of the biomimetic glue, into the nanogels
Pox(mDOPA)-Ag®/PAH solution for 2 min at room temperature.
After rinsing with water to remove unbounded nanogels, the
AB test was realized against E. coli by the same method used for
the multilayer (P(mDOPA)-co-P(DMAEMAY)/[(Pox(mDOPA)-
Ag®/PAH);)). Bare SS and the coating without silver nanopar-
ticles  ((P(mDOPA)-co-P(DMAEMA®)/[(Pox(mDOPA)/PAH)])
showed no AB activity in these conditions (Table 2, entries 1
and 2). The silver loaded coating killed all bacteria after only 1
h of incubation (Table 2, entry 3). Its activity was maintained at
the same level even when dipping the coated substrate into a
NaOH aqueous solution (0.1"M) for one night (Table 2, entry 7).
Dipping it into water at room temperature or at 50 °C did not
increase its AB activity significantly since all bacteria were killed
after 2 h of incubation (Table 2, entries 4 and 5 respectively).
When the coating was cleaned with a wet sponge (25 forth and
back movements) or dipped into diluted hhc, it remained active
but required a longer period of time to kill all bacteria (Table 2,
entries 6 and 8 respectively). For the sake of comparison, when
poly(ethylenimine) (PEI) substituted our biomimetic glue
(P(mDOPA)-co-P(DMAEMA®)) as the first layer, the AB activity
was immediately lost after overnight immersions in the same
conditions (diluted hhc, basic water, etc.) (data not shown). This
control experiment demonstrated that our copolymer bearing
DOPA moieties is once again necessary for anchoring the
coating on the SS surface and for preserving the AB activity.

In contrast to the previous section with the multilayer film,
the AB activity of the substrate coated with the silver loaded
nanogels was not affected when immersed in hot water (50 °C)
overnight prior to AB testing. Indeed, the cross-linking occurred
mainly during the nanogels formation before their deposition
on the substrate.

Finally, antibacterial activity of these silver-loaded nanogels
was demonstrated against Gram positive bacteria, Staphylococcus
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Table 2. Antibacterial activity of SS substrates covered or not by DOPA-based nanogels against E. coli (To =3 10° cell mL™'; Ty = initial number of

bacteria per mL used for the test).

Entry Sample 1 h of contact 2 h of contact 19 h of contact
Cell mL™'a) Reduction rate Cell mL™'® Reduction rate CellmL™® Reduction rate
(%] (%] (%]
1 Bare SS 1.1 %106 - 3x10° - 1.3%107 -
2 Nanogels®) 52%10° - 9.9 10° - 1.8 %107 -
3 Control9 0 100 0 100 0 100
4 Immersed in cold water 5x10* 83 0 100 0 100
5 Silver Immersed in hot water 3x10* 90 0 100 0 100
6 loaded-nanogels®) Immersed in diluted hhc 2x10° 33 1.5%x10° 50 0 100
7 Immersed in basic medium 0 100 0 100 0 100
8 Mechanical test 1.9%10° 37 8x 10* 73 0 100

3 Survival number of bacteria mL™"; P’P(mDOPA)-co-P(DMAEMA?) /nanogels (Pox(mDOPA)-PAH); 9P(mDOPA)-co-P(DMAEMA*) /nanogels (Pox(mDOPA)-Ag®/PAH).

epidermidis (S. epidermidis). Although a longer period of time
was needed to kill all bacteria, films were also active against this
strain even after applying the different durability treatments
discussed above (see ESI, Supporting Information Table S1).

It is important to mention here that stainless steel covered by
nanogels that are not silver loaded have no antibacterial activity
against both bacteria strains, E. coli (Table 2, entry 2) and S.
epidermidis (Supporting Information Table S1, entry 2). This
clearly demonstrates that the uppermost layer of the coating is
not antibacterial and that silver particles are necessary for the
AB activity.

2.3. Pox(mDOPA)/PAH Multilayer Film for the Grafting of
Antibiofilm/Antiadhesion (Bio)Molecules

Another method to provide hygienic surfaces is to avoid bacteria
to adhere to the surface and to form a resistant biofilm that is
a source of infection.?!! Examples of antiadhesion/antibiofilm
coatings comprise polymers (poly(ethylene glycol) (PEG)?2% or
poly(sulfobetaine methacrylate))??®l as well as enzymes.** In
this study, the antiadhesion properties of PEG and the anti-
biofilm activity of an enzyme, DispersinB (DspB), will be con-
sidered to illustrate the versatility and efficiency of our coating
processes.

Poly(ethylene glycol) (PEG) is one of the most commonly
used synthetic polymer to impart protein resistance to a sur-
face.”] Several strategies to modify substrates with that kind
of polymers can be found in the literature such as electro-
grafting,?%! self-assembled monolayers (SAMs),*”] copolymers
adsorption,?® polymers grafting?’! or initiated from the sur-
facel% to cite only a few.

DispersinB (DspB) is an enzyme active against N-acetylglu-
cosamine-containing extracellular polysaccharides that are a part
of biofilms. It consequently degrades the polysaccharides that
the bioorganisms use to anchor and colonize the substrates.!
Furthermore, this water-soluble enzyme is highly active against
both Gram negativel®”! and positivel3*l bacteria such as E. coli
and S. epidermidis, respectively. This enzyme has already been
physically trapped into coatings and was released in the media

© 2012 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

when biofilm appeared on the surface.’334 There are also few
publications reporting on the immobilization of enzymes on
materials to confer antibacterial properties to surfaces.’!

In order to impart long-term durability to the coating and
prevent biofilm formation when SS is ageing, we are consid-
ering the covalent anchoring of PEG and DspB onto SS sur-
faces. The DOPA quinone containing coatings developed above
are selected in our study for their environmental friendly exper-
imental conditions (only aqueous solutions are used at room
temperature), their simplicity and ease to scale-up.

The (bio)molecule grafting was carried out by exploiting
the reactivity of quinone groups of Pox(mDOPA) (2, Figure 1)
towards thiols.['1¢3% For that purpose, thiol end-functionalized
PEG (PEG-SH) and DspB that contains two external cysteines
(and thus thiol groups) in its sequence were considered for the
conjugation. This thiol-based strategy allows specific enzyme
grafting under mild conditions and without pH constrain in
contrast to the amino-based strategy that requires pH > 10.57]

When enzymes are considered, such as DspB, there is
often an optimal pH range at which they present the highest
activity. The optimum pH for DspB was thus first evaluated
in solution (see ESI, Supporting Information Figure S9) upon
hydrolysis of a chromogenic substrate 4-nitrophenyl-3-D-N-
acetylglucosaminide by DspB. It results in the formation of a
yellow product, p-nitrophenol, which absorbs at 405 nm. Fol-
lowing the increase of this absorbance value, optimum pH was
5.9 (see ESI, Supporting Information Figure S9). Importantly,
at this pH value, amino groups of DspB are positively charged
and are thus not reactive towards the quinone groups of the
coating. A selective grafting of DspB through one of its thiol
groups (that are not essential for its enzymatic activity) is thus
expected to occur through Michael type addition. Denaturation
of the enzyme by multiple grafting sites to the surface should
therefore be avoided when working at this pH value.

DspB was then grafted at room temperature and pH 5.9 on
a S5-bilayers cross-linked film (P(mDOPA)-co-P(DMAEMAY)/
[(Pox(mDOPA)/PAH)s]) composed of a first glue layer
(P(mDOPA)-co-P(DMAEMA®)) and 5 bilayers of cross-linked
Pox(mDOPA) and PAH (strategy described in the above
section). In order to render the surface reactive towards the
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Figure 5. Fluorescence images of Staphylococcus epidermidis biofilm forming on bare stainless steel (A), P(MDOPA)-co-P(DMAEMA®) /[(Pox(mDOPA)/
PAH)s] (B), and P(mDOPA)-co-P(DMAEMA") /[(Pox(mDOPA)/PAH);s]-DspB (C); magnification 1000x.

enzyme grafting, the last layer is Pox(mDOPA) (see ESI, Sup-
porting Information Figure S10).

X-ray Photoelectron Spectroscopy (XPS) confirmed the
presence of DspB on these multilayers by the detection of its
sulfur atoms (see ESI, Supporting Information Figure S11).
Furthermore, the content of active DspB immobilized on
such coatings has been evaluated around 1.94 + 0.2 ug cm™
thanks to a calibration curve (see ESI, Supporting Information
Figure S12).

Its antibiofilm activity was then first qualitatively evaluated
against S. epidermidis after labeling with a fluorescent dye. Pic-
tures taken under epifluorescence microscope after 24 h of
biofilm formation are summarized in Figure 5. Bare SS and
P(mDOPA)-co-P(DMAEMA*)/[(Pox(mDOPA)/PAH)s]-coated
SS are covered with a thick biofilm as traduced by the presence
of large clusters of glued and static bacteria in a wadded matrix
(Figure 5A,B, respectively). In comparison, Figure 5C shows
the DspB-coated SS. Large population of scattered bacteria, in
constant motion (when observed at the microscope), and few
moving wadded clusters were observed as an indication of less/
no biofilm formation.

Impact of grafted DspB on S. epidermidis biofilm was then
quantified. The number of viable S. epidermidis adherent bac-
teria was decreased by 97% (standard deviation: 3%) on DspB-
coated surfaces (Table 3, entry 2) compared to their uncoated
counterparts. The statistics were made on three samples.

In parallel, PEG-SH was also anchored to these DOPA-
containing 5-bilayers coatings following the same grafting
strategy as for DspB. Antiadhesion activity of these coatings
has also been assessed quantitatively against S. epidermidis.
Immobilized-PEG-SH coatings were also active against S. epi-
dermidis as traduced by 93% decrease of the adherent bacteria
compared with the uncoated counterparts (standard deviation:

12%) (Table 3, entry 3). Importantly, all these assessments
are done on coatings that are rinsed for 24 h with water to
remove non-grafted antibiofilm/antiadhesion (bio)molecules.
It clearly highlights that the activity is therefore preserved even
after long immersion periods, in agreement with the cova-
lent grafting of the active species to the coating. It is impor-
tant to note that the same multilayer coating without DspB or
PEG-SH (P(mDOPA)-co-P(DMAEMA®)/(Pox(mDOPA)/PAH)s;
Table 3, entry 1) had no antibiofilm activity and did not reduce
the amount of adherent bacteria. It clearly demonstrates that
the uppermost layer of the multilayer coating (Pox(mDOPA)
and eventually residual uncovered PAH) has no antibiofilm
activity.

Although this strategy based on 5-bilayers coating is highly
active to reduce the population of bacteria on the surface,
it presents the same major drawback as for the silver loaded
multilayer film: the long processing time. The LbL process for
the film building takes about 45 min to get SS ready for grafting
with DspB or PEG-SH.

2.4. Nanogels Pox(mDOPA)/PAH for the Grafting
of Antibiofilm/Antiadhesion (Bio)Molecules

In order to shorten the processing time, these active molecules
coupling strategies were transposed onto the water-based cross-
linked nanogels film presented in the previous section (Figure 2,
(left)). The surface coated by a layer of the glue, P(mDOPA)-
co-P(DMAEMAY), and a layer of the nanogels Pox(mDOPA)/
PAH, was then incubated with the aqueous solutions of DspB
or PEG-SH following the same grafting conditions described
above. The film building with DspB was confirmed by QCM-D
on stainless steel sensors as shown on Figure 6. All the partners

Table 3. Antibiofilm/antiadhesion activity against S. epidermidis biofilm forming of modified-SS surfaces compared to uncoated ones. n is the number

of samples on which statistics are based.

Entry % Reduction of adherent population
1 P(mDOPA)-co-P(DMAEMA*) /[(Pox (mDOPA) /PAH)s] 0(n=3)

2 Multilayer film composition P(mDOPA)-co-P(DMAEMA?") /[(Pox(mDOPA) /PAH)s]-DspB 97+3 (n=3)

3 P(mDOPA)-co-P(DMAEMA®) /[(Pox(mDOPA) /PAH)s]-PEGSH 93412 (n=6)

4 P(mDOPA)-co-P(DMAEMA®) /[nanogel (Pox (mDOPA) /PAH)] 0(n=3)

5 P(mDOPA)-co-P(DMAEMA") /[nanogel (Pox (mDOPA) /PAH)]-DspB 86+9 (n=6)

6 Bilayer nanogels composition ~ P(mDOPA)-co-P(DMAEMA") /[nanogel (Pox(mDOPA) /PAH)]-PEGSH 93+4 (n=6)

7 P(mDOPA)-co-P(DMAEMA*) /PSS-DspB 54435 (n=6)

8 P(mDOPA)-co-P(DMAEMA*) /PSS-PEGSH 70415 (n=6)
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Figure 6. Frequency change upon deposition of P(mDOPA)-co-
P(DMAEMA"), [nanogel (Pox(mDOPA)/PAH)] and DspB measured by
QCM-D as a function of time at 25 °C, where the overtone number is 7.

were well inserted into the film and remained on the substrate
after the rinsing steps with deionized water.

The presence of DspB (1.64 + 0.41 pug cm™2 according to
the calibration curve) was then confirmed by quantifying the
antibiofilm activity of the coated substrates (Table 3, entry 5).
Antibiofilm activity of DspB-coatings was maintained with 86%
of reduction of adherent population of S. epidermidis (standard
deviation: 9%) even when the surface was immersed in PBS
buffer for 24 h before testing. The same behavior was observed
when PEG-SH was immobilized onto the nanogels coatings
with 93% of reduction of the adherent population (standard
deviation: 4%) (Table 3, entry 6).

Finally, in order to demonstrate the importance of the film
covalent cross-linking and covalent grafting of the active mol-
ecule (DspB and PEG-SH) on the film activity, a LbL film
formed by electrostatic interactions instead of covalent ones
was built and post-modified by DspB or PEG-SH. This bilayer
electrostatic film was formed by alternating the deposition of a
negatively charged polyelectrolyte, poly(styrene sulfonate) (PSS
at 2 g L) on a cationic one, P(mDOPA)-co-P(DMAEMAT).
Lower antibiofilm and antiadhesion activities were observed on
those films and higher standard deviations were noted, showing
significant variability when electrostatic adsorptions are consid-
ered (Table 3, entries 7 and 8). This clearly showed the benefit
of the permanent immobilization of the active molecules on the
surfaces.

3. Conclusions

In this work, we have developed an environmental friendly
and simple procedure for coating substrates (stainless steel
in this case) with antibacterial, antibiofilm and antiadhesion
molecules. The long-term durability of the functionality has
been guaranteed by the combination of a bio-inspired glue,
the film cross-linking and by covalently anchoring the active
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(bio)molecules at the surface of the coatings in mild reaction
conditions. The chemical reaction responsible for the strong
adhesion of the active coating (multilayers and nanogels) to
the bio-inspired glue is however still unknown and under
investigation. On the other hand, the chemistry involved in the
cross-linking deals with the highly reactive quinone/amine and
quinone/thiol pairs. Two types of reactive cross-linked films
were considered in this study. The first one involves the alterna-
tive deposition of aqueous solutions of a polymer bearing qui-
none groups (Pox(mDOPA)) with a polymer bearing primary
amines (PAH). Antibacterial coatings can be built by doping
them with silver nanoparticles in situ formed while antibiofilm
and antiadhesion properties have been imparted by covalent
grafting of an enzyme (DispersinB) and poly(ethylene glycol),
respectively, to the last layer of the film. This covalent bonding
has been ensured by the reaction of thiol group of the active
(bio)molecule (DspB or PEG-SH) with the quinone groups of
the outer Pox(mDOPA) film layer. The second strategy inves-
tigated in this study is even more interesting since it is very
simple, versatile, easily scalable and allows fast surface modi-
fications in mild conditions. Indeed, we have for the first time
synthesized novel reactive nanogels using a one step procedure
by mixing aqueous solutions of Pox(mDOPA) with PAH in
appropriate proportions. Their deposition on a substrate pre-
coated by a biomimetic glue allows further surface derivatiza-
tions. Proof of concept has been notably demonstrated by the
grafting of enzyme (DspB) or PEG-SH that promote long-term
activity to the substrate. This ready-to-use solution of nanogels
is very simple to prepare and the coating strategy developed in
this work is very suited for imparting various activity to surfaces
from aqueous solutions by the grafting of various molecules,
including biomolecules such as enzymes without denatura-
tion. These nanogels constitute therefore interesting platforms
towards further surface modifications.

4. Experimental Section

Materials: Poly(allylamine) hydrochloride (PAH; M,, = 15 000 g
mol™"),  O-[2-(3-Mercaptopropionylamino)ethyl]-O’-methylpolyethylene
glycol (PEG-SH, M,, = 5000 g mol™), poly(styrene sulfonate) (PSS,
M, = 70 000 g mol™"), silver nitrate (AgNO;) and poly(ethylenimine)
(PEI; M,, =25 000 g mol™') were purchased from Sigma-Aldrich and used
without further purification. Synthesis of P(mDOPA)-co-P(DMAEMA®)
(15 mol% DOPA determined by UV-vis spectroscopy) and P(mDOPA)
were described in our previous publications.>'3 Fatty alcohol
ethoxylates based household cleaner (hhc) was commercially available
by Bref. Nutrient media for antibacterial/antibiofilm/antiadhesion
assessments: BactoTryptone, BactoYeast Extract and Bacto Casamino
Acids were obtained from Becton Dickinson (USA). Agar-agar was
purchased from Merck (USA). Luria-Bertani medium (LB) was prepared
with BactoTryptone(10 g), Bacto Yeast Extract(5 g), and NaCl (10 g)
in DI water (1 L). LB agar medium was obtained by adding agar-agar
(15 g) in LB (1 L). M63 medium containing 100 mM KH,PO,, 15 mM
(NH,),SOy4, 1.6 mM, MgSO,, 4 UM FeSO,, pH 5.9 was supplemented
with 0.5% casamino acids and 0.2% glucose.

Expression and Purification of Recombinant DspB Protein: i) Plasmid
pET28aDspB was bought from Geneart (Life Technologies, UK) and
used for the overexpression of the DspB enzyme. Four 2-liter Erlenmeyer
flasks containing Luria-Bertani broth (500 mL) supplemented with
kanamycin (30 ug mL™") were inoculated with an overnight culture of
E. coli strain BL21(DE3)Star transformed with pET28aDspB (5 mL). The
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flasks were incubated at 37 °C with agitation (200 rpm) until the optical
density of the culture at 600 nm reached 0.6 (ca. 3 h). IPTG was added
to a final concentration of 0.5 mM, and the flasks were incubated for an
additional 4 h with agitation. The cells were harvested by centrifugation
for 15 min at 6000 x g, and the cell pellets were stored at —20 °C.
i) Protein purification. The cell pellets were thawed at room temperature
and re-suspended in washing buffer (20 mM Na,HPO,-NaH,PO, (PO,)
pH 7.2, 1% NaCl). The cell suspension was then centrifuged 20 min
at 4000 rpm. Harvest cells were re-suspended in lyses buffer (100 mL;
20 mM PO, pH 7.2, 500 mM NaCl, MgSO, 10 mM, antiprotease coktail)
and disrupted with the emulsiflex. DNA was digested with Benzonase
(5 uL). The cell debris was pelleted by centrifugation at 15 000 x g for
20 min at 4 °C.

The supernatant was loaded onto a 5-mL (bed volume) HiTrap
Chelating column (Pharmacia) according to the instructions supplied
by the manufacturer. The column was washed with wash buffer (50 mL;
20 mM PO, pH 7.2, 500 mM NacCl). The protein was eluted with a
gradient of 20 mM PO, pH 3.5, 500 mM NaCl buffer. The purification
process was repeated three times in order to load the whole sample.
Fractions of the elute were collected and assayed for the presence
of the protein by sodium dodecyl sulfate (SDS)-polyacrylamide gel
electrophoresis and Coomassie blue staining. Fractions containing the
protein were pooled and dialyzed overnight against 10 mM PO, pH 5.9,
100 mM NaCl by using a 10 000-kDa-cutoff dialysis membrane. Proteins
were quantified thanks to the BCA kit (Pierce). Mass spectra after trypsin
digestion was recorded on the SDS gel band containing the dispersinB
protein.

Enzyme Assays: The chromogenic substrate 4-nitrophenyl-N-acetyl-p-
D-galactosaminide (Sigma Aldrich) was used to characterize DispersinB
activity. Enzyme reactions were carried out in 1-mL mixtures containing
50 mM sodium phosphate buffer (at pH 5.9, 6.5 or 7.6), 100 mM
NaCl, 5 mM substrate, and purified protein (3.7 ug mL™) in 1.5-mL
polypropylene tubes placed in a 37 °C water bath. The reactions were
terminated at various times (20 min max) by adding 10 N NaOH
(5 pL). The increase in absorption resulting from the release of
p-nitrophenolate in each tube was measured with a Viktor X3 Perkin-
Elmer spectrophotometer set to 405 nm.

A calibration curve of DispersinB activity in solution has also been
conducted following the same procedure as described above (see ESI,
Supporting InformationFigure S12). Note that extreme values at high
absorbance were obtained from diluted solutions. Measurements of
the enzyme activity on the substrates were made possible by incubating
160 L of a solution containing 50 mM sodium phosphate buffer (at pH
5.9), 100 mM NaCl and 5 mM substrate on the modified SS-surfaces
during 30 min at 37 °C. 120 pL were then collected from the samples,
transferred to a 96-well plate and absorbance was measured at
405 nm using a spectrophotometer Perkin Elmer (2030). As a control,
4-nitrophenyl-N-acetyl-f-D-galactosaminide solution has an absorbance
around 0.08. Statistics were made on four replicates.

Oxidation of P(mDOPA) in Basic Medium: Oxidation is carried out
according to a procedure reported elsewhere.['>l P(MDOPA) (20 mg) are
dissolved in distilled water (10 mL) and a NaOH solution (0.1 M) is
slowly added in order to raise the pH above 10. This oxidation step lasts
at least one night under air and is followed by UV Vis spectroscopy.

Formation of the Pox(mDOPA)-Ag® Hybrid: P(mDOPA) (20 mg) are
dissolved in distilled water (9 mL) and AgNO; (1 mL; 7.1.1073 M) (molar
ratio DOPA/Ag: 1/1) is slowly added in the dark under vigorous stirring
at room temperature. The final suspension was stirred for 20 h before
coating.

Silver nanoparticles with a diameter ranging between 3 and 7 nm
are observed by transmission electron microscopy (TEM) (see ESI,
Supporting Information Figure S2).

Preparation of Pox(mDOPA)/PAH Cross-Linked Nanogels: P(mDOPA)
(10 mg) are dissolved in distilled water (10 mL) and NaOH (0.1 M) is
slowly added in order to raise the pH above 10 in order to promote the
oxidation of catechol groups of P(MDOPA). After one night at room
temperature, an aqueous solution of PAH (3 mL; 1 g L) at pH 10 are
slowly added to the solution of Pox(mDOPA) under vigorous stirring.
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The solution is lead to react for one h at room temperature under
vigorous stirring. Nanogels with a diameter ranging from 20 to 30 nm
are observed by TEM (Figure 3A). The nanogels cross-linking formation
was observed by solid state *C NMR of the lyophilized product by the
appearance of typical signals around 160 ppm (Figure 4b) assigned to
the newly formed imine bonds, coming from the Schiff base formation.

Preparation of Pox(mDOPA)-Ag’/PAH Hybrid Nanogels: P(mDOPA)
(10 mg) are dissolved in distilled water (9 mL) and an aqueous solution
of AgNOj; (1 mL; 3.5.1072 M) (molar ratio DOPA/Ag: 1/1) is slowly added
in the dark under vigorous stirring at room temperature. The suspension
is stirred for 20 h. Then, a PAH solution (3 mL; 1 g L™ in water) at pH
10 are slowly added under vigorous stirring. The solution is lead to react
for one h at room temperature under vigorous stirring. Nanogels with a
diameter ranging from 20 to 30 nm are observed by TEM (Figure 3D).
The nanogels cross-linking formation was observed by solid state '3C
NMR (Figure 4c) that evidences the formation of Michael type addition
product at around 140 ppm.

Silver-Loaded Multilayer Film Assembly: LbL deposition is conducted
at room temperature. Stainless steel 304 2B surfaces (SS) were
supplied by CRM Group AC&CS (Belgium), cleaned with acetone and
ethanol (scrubbing with an optical tissue) and dried under argon. Small
surfaces (2 cm X 2 cm) were immediately dipped into the first copolymer
solution: P(MDOPA)-co-P(DMAEMAY) for 2 min. The following cycle was
then used for five bilayers: 1) Pox(mDOPA)-Ag® for 2 min, 2) rinse twice
in water for 1 min each, 3) PAH (M,, = 15000 g mol™', Sigma-Aldrich)
for 2 min, 4) rinse twice in water for 1 min each. The uppermost layer
is comprised of Pox(mDOPA)-Ag®. One control experiment was also
conducted following the same cycles but using PEI at a concentration
of 8 g L' NaCl 0.15 M as the first layer instead of P(mDOPA)-co-
P(DMAEMA™). Concentrations of all polymers were 2 g L™ in distilled
water (pH = 11, adjusted by NaOH 0.1 M).

Multilayer Film Assembly and Grafting of Active Molecules Bearing
Thiol(s): The procedure is identical as the one described above except
that Pox(mDOPA) is used instead of Pox(mDOPA)-Ag® to build a five
bilayers film on SS: P(mDOPA)-co-P(DMAEMA?*)/[(Pox(mDOPA)/
PAH)s], the last layer being Pox(mDOPA). DspB was then grafted by
incubating the enzyme solution (100 pL) at 1.25 mg mL™" in PBS buffer
(50 mM) at pH 5.9 and NaCl 100 mM for one h at room temperature.
The same strategy has been applied to PEG-SH solution at 10 mg mL™"in
milliQ water. Active molecules-grafted substrates were then rinsed 6 x 1
min at room temperature and 20 h at 6 °C in 2 mL-aliquots of PBS
buffer at pH 5.9 or milliQ water for DspB and PEG-SH respectively.
They were finally kept at 6 °C before any antibiofilm or antiadhesion
activity assessment.

Silver-Loaded Bilayer Nanogels Assembly: Nanogels LbL deposition is
conducted at room temperature. Stainless steel 304 2B surfaces (SS) are
supplied by CRM Group & AC&CS (Belgium), cleaned with acetone and
ethanol (scrubbing with an optical tissue) and dried under argon. Small
SS surfaces (2 cm x 2 cm) are immediately dipped into the glue solution
(P(MDOPA)-co-P(DMAEMAY); 2 g L") for 2 min. After rinsing twice with
water for 1 min, the modified substrates are dipped into a solution of
nanogels Pox(mDOPA)-Ag®/PAH for 2 min and rinsed twice with water
for 1 min. A control experiment is also conducted following the same
cycles but using PEl at a concentration of 8 g L' in NaCl 0.15 M as the
first layer instead of the glue solution (P(mDOPA)-co-P(DMAEMAY)).

Bilayer Nanogels Assembly and Grafting of Active Molecules Bearing
Thiol(s): The procedure is identical as the one described above except that
nanogels Pox(mDOPA)/PAH are used instead of the Pox(mDOPA)-Ag®/
PAH ones. The strategy for grafting active molecules was the same as
the one described here above for multilayer films. An electrostatic control
experiment has also been conducted following the same procedure but
replacing the nanogels layer by a poly(styrene sulfonate) one (PSS,
2gL7).

Characterization Methods: DOPA contents are determined by UV-vis
spectroscopy with a Hitachi spectrophotometer (U-3300) at room
temperature starting from a dopamine calibration curve.

Film growths (multilayers and nanogels ones) were followed in
real time using quartz crystal microbalance coupled with dissipation
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technique (QCM-D). A Q-Sense E4 is used in this study. The stainless
steel-coated AT-cut resonator (fundamental frequency: 5 MHz) is used
as received. First, distilled water is introduced in the cell and the flow
is maintained until a stable baseline is obtained. LbL deposition is then
initiated by switching the liquid exposed to the crystal from distilled
water to the glue solution (P(mDOPA)-co-P(DMAEMA®); 2 g L™ with
0.15 M NacCl) at a flow rate of 250 uL min~', temperature of 25.09 +
0.02 °C. After 10 min, the substrate is rinsed by distilled water to remove
the excess of unbounded glue. Then, the alternative deposition of
nanogels Pox(mDOPA)/PAH (1 g L") and PAH (1 g L") solutions is
carried out (about 10 min for each step) with rinsing steps with distilled
water between each layer. Active molecule solution (DspB or PEG-SH)
was finally introduced in the system and further rinsed when a stable
signal is obtained.

Energy-dispersive X-ray spectra of the silver loaded coatings are
recorded using a field emission gun scanning electron microscope
(FEG-SEM) MEB ULTRAS5S operating at 3 kV coupled with a energy-
dispersive X-ray spectrometer.

Ellipsometry measurements are done using a SOPRA GES 5 working
in the UV-Visible range from 300 up to 900 nm. The angle of incidence
is 75°.

The XPS analyses were performed on a SSX 100/206 photoelectron
spectrometer from Surface Science Instruments (USA) equipped with
a monochromatized micro focused Al X-ray source (powered at 20 mA
and 10 kV). The pressure in the analysis chamber was around 107 Pa.
The angle between the surface normal and the axis of the analyser lens
was 55°. The analysed area was approximately 1.4 mm?, the analysed
depth comprised between 1-10 nm and the pass energy was set at
150 eV. In these conditions, the full width at half maximum (FWHM)
of the Au 4f;; peak of a clean gold standard sample was about 1.6 eV.
A flood gun set at 8 eV and a Ni grid placed 3 mm above the sample
surface were used for charge stabilisation.*® The C-(C,H) component
of the Cls peak of carbon has been fixed to 284.8 eV to set the binding
energy scale. Data treatment was performed with the CasaXPS program
(Casa Software Ltd, UK, version 2.3.16), some spectra were decomposed
with the least squares fitting routine provided by the software with a
Gaussian/Lorentzian (85/15) product function and after subtraction of a
non linear baseline.?®l Molar fractions were calculated using peak areas
normalised on the basis of acquisition parameters and sensitivity factors
provided by the manufacturer.

Silver nanoparticles are characterized with a Philips CM100 TEM.
Typically, the Pox(mDOPA)-Ag® solution is diluted 10 times before
analysis. A drop of the as-prepared suspension is put onto a carbon-
coated Cu grid coated by a Formvar film for at least one min and then
lyophilized in order to fix the system and avoid particle agglomeration.
Pox(MDOPA)/PAH and Pox(mDOPA)-Ag®/PAH  nanogels were
characterized with the same microscope. The nanogels solution is
diluted 10 times before analysis by putting a drop of the as-prepared
suspension onto a carbon-coated Cu grid coated by a Formvar film for at
least one min and then lyophilized.

A Delsa Nano C Particle Analizer (Beckman Coulter) equipped
with a laser diode source (wavelength 658 nm; power 30 mW) is used
for measuring the hydrodynamic diameter of the aqueous nanogels
solutions. Scattering data are collected for at least 70 individual
measurements at a constant scattering angle and averaged for each
sample. The obtained scattering data are fitted using a volume-weighted
cumulative analysis to estimate the diffusion coefficient of the nanogels
in solution. The hydrodynamic diameter of the samples (Dy) is obtained
using Stokes-Einstein relationship.

3C CP MAS NMR spectra were recorded with 4 mm zirconia rotors
spinning at 10 kHz on a Bruker Avance DSX 400WB spectrometer (BO =
9.04 T) working at Larmor frequency of 100.6 MHz. Cross polarization
experiments were performed with a delay time of 5 s and a contact of 2 ms.

Acoustic intermittent contact mode AFM measurements are
performed in air at room temperature using a PicoPlus 5500 microscope
(Agilent Technologies, Inc.) and Silicon cantilevers (PPP-NCH,
Nanosensors; nominal spring constant 42 N/m). Gwyddion SPM data
analysis software is used to analyze the data.
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Durability Assessments: |Immersion test: Stainless steel coated
substrates are dipped in 10 mL of water, fatty alcohol ethoxylates based
household cleaner diluted ten times at pH around 7.4 (diluted hhc), or
NaOH 0.1M for one night at room temperature or at 50 °C.

Mechanical test: Stainless steel coated substrates are cleaned with a
sponge wet with distilled water by 25 back and forth movements on each
face after an immersion in hot water (10 mL) for one night.

Antibacterial Assessment: The antibacterial activity of the films
deposited onto stainless steel against the Gram-negative bacteria
Escherichia coli is assessed by a viable cell-counting method.l8l A
preculture of E. coli (Migula 1895) is used to seed a fresh culture into
nutrient broth LB (100 mL) and the bacterial culture is incubated
at 37 °C for 4 h. At this stage, the culture of E. coli contained ca.
102 cells mL™" (absorbance at 600 nm equal to 0.6) and is used for the
test. The original cell concentration is determined by the spread plate
method. Upon appropriate dilution with sterilized 0.9% saline solution,
a culture of about 10° cells mL™" is prepared and used for antibacterial
testing. Films deposited onto 2 X 2 cm SS coupons are sterilized by
UV irradiation (15 min for each face) and exposed to the E. coli cell
suspension (15 mL containing about 10° cells mL™). At a specified
time, the bacteria culture (0.1 mL) is added to sterilized 0.9% saline
solution (0.9 mL) (the solution was sterilized at 121 °C for 20 min), and
several dilutions are carried out. The surviving bacteria are counted by
the spread-plate method. At various exposure times, 0.1 mL portions are
removed and quickly spread on the nutrient agar. After inoculation, the
plates are incubated at 37 °C for 24 h, and the colonies are counted. The
same procedure was followed for the antibacterial assessments against
S. epidermidis.

In Vitro Antiadhesion Test: A preculture of Staphylococcus epidermidis
ATCC35984 or Escherichia coli ATCC47076 was grown overnight at 37 °C
in LB (3 mL) and used the next morning to seed a fresh culture in LB
(50 mL). The bacterial concentration of test inoculum was adjusted to
about 108-10° cells mL™" in LB.

Stainless steel coupons coated with anti-adhesive films were placed in
Petri dishes containing damp blotting paper. Test inoculum (200 pL) was
pipetted onto each substrate. The Petri dishes containing the inoculated
coupons were closed and incubated at 37 °C for 18 h.

The stainless steel substrates were rinsed twice with sterile deionized
water (10 mL) to remove non-adherent bacteria, and then placed face
downward in glass jars containing 500-fold-diluted LB (20 mL) and 4-mm
glass beads. The jars were shaken horizontally for 10 min and then their
contents were sonicated in a water bath (50-60 KHz) for 2 min. Viable
bacteria were counted by plating 10-fold dilutions on LB agar. The plates
were incubated at 37 °C overnight and for an additional 72 h at room
temperature before colony-forming units were counted. Reported results
are averages of at least 3 replicates.

Biofilm  Formation Assessment: A preculture of Staphylococcus
epidermidis ATCC35984 or Escherichia coli ATCC47076 was grown
overnight at 37 °C in LB (3 mL) and used the next morning to seed a
fresh culture in LB (50 mL). The bacterial concentration of test inoculum
was adjusted to about 107-10% cells mL™" in M63 medium (pH 5.9)
supplemented with glucose and casamino acids.

Stainless steel coupons coated with DspB films were placed in Petri
dishes containing damp blotting paper. Test inoculum (200 puL) was
pipetted onto each substrate. The Petri dishes containing the inoculated
coupons were closed and incubated at 37 °C for 24 h.

Viable Bacteria Counts: The stainless steel substrates were rinsed
twice with sterile DI water (10 mL) to remove non-adherent bacteria,
and then placed face downward in glass jars containing 500-fold-
diluted LB (20 mL) and 4-mm glass beads. The jars were shaken
horizontally for 10 min, and then their contents were sonicated in a
water bath (50-60 KHz) for 2 min. Viable bacteria were counted by
plating 10-fold dilutions on LB agar. The plates were incubated at 37 °C
overnight before colony-forming units were counted. Finally, in order
to demonstrate that all bacteria were removed from the plate, each
substrate was rinsed twice with sterile deionized water (10 mL) and
then laid onto LB agar containing 2,3,5-triphenyltetrazolium chloride
dye (25 mg L7'; Fluka, ref. 93140). After 24 to 72-h incubation at 37 °C,
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strongly adherent live bacteria remaining on the samples appeared as
purple CFU and were counted. All colony counts results are averages
of at least 3 replicates.

Fluorescent Microscopic Visualization: Biofilm was visualized directly
on the stainless steel coupons by labeling bacteria with a solution of two
fluorochromes: propidium iodide (final concentration 8.1 uM) and SYTO
9 (final concentration 63 nM). After incubation for 15 min at 22 °C £
2 °C in the dark and removal of the inoculum in excess, biofilm was
observed with an epifluorescence microscope (Olympus BX60/U-RFL-T,
oil immersion, 1000x magnification). Cells that fluoresced green had
intact membranes whereas cells that fluoresced red had compromised
membranes. Adherent cells were motionless whereas non-adhering ones
were in motion.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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