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Sustainable and Bio-inspired Chemistry for Robust Atibacterial
Activity of Stainless Steel
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Abstract: We report on the original synthesis of a polyfmetylamide) bearing (oxidized) 3,4-
dihydroxyphenylalanine specially designed to (Bure film growth by covalent coupling, (ii)
covalently bind an antibacterial peptide and @ontribute to the film cross-linking that is
essential for the durability of the properties.

Stainless steel is widely used in daily life beeawd its resistance to corrosion and
chemicals, and its mechanical and aesthetic priepeit can be found in many areas such as
medicine and household appliances, building andl fioolustries. One mainlimitation of
stainless steel is its inability to stop bacteraliperation. Therefore for hygienic reasons,
there is a strong need in developing robust surfacdifications to give antibacterial (AB)
properties to stainless steel. The literature {se@xely rich in describing strateg,ies for coating
substrates with inorganic (silv&f, copper...) and organic (antibiotics, ' peptides,
(co)polymers.*2...) biocides. However, most of the time, the AB witiis time limited by
the diffusion of the active species out of the t@atStainless steel producers and users are
now expecting long-lasting coatings essential foe tlurability of the functionality. It is
therefore necessary to strongly bind the biocideshe surface. Furthermore, considering
environmental issues, current development of neadywts has to prevent toxic wastes.
Green coating processes are thus urgently required.

As far as stainless steel (SS) is concerned, tieetdiovalent grafting of organic biocides
onto the surface is not trivial because of the abs®f appropriate functional groups allowing
strong anchoring. Only few examples can be fourtthénljiterature such as the electrografting
of acrylates™ ** post-modified to obtain AB propertie3;”’ the grafting of lysozymes or
trypsin onto polyethylene imine adsorbed onto’$8r the poit-guaternisation of amino
groups grafted onto SS pre-functionalized by cdésma treatmefit “or by silane coupling
agents’T However, these strategies are multi-steps, sorestoomplex processes and require
the use of aggressive chemicals and/or toxic mtdsdhat make difficult the implementation
at the industrial scale.

Here we report on a very simple and robust strategympart durable antibacterial
properties to stainless steel by the Layer-by-Lagldsl) techniqué® using a tailored
multifunctional polymer. It relies on the originadynthesis of a homopolymer of
methacrylamide bearing (oxidized) 3,4-dihydroxypflalanine (mDOPA) specially designed
to (i) insure LbL film growth by covalent couplingj) covalently bind an AB peptide and
(iif) contribute to the film cross-linking that isssential for the durability of the properties.
Furthermore the whole process occurs in aqueousi@olithout specific surface treatments,
providing a green approach. We therefore explatrgdox property of DOPA moieties, an
important component responsible for the adhesiormagsels on various substratés®
present in a tailored polymer (P(mDOPA)) to getsesrbnked multilayers and biocides
grafting. This catechol derivative can be switclfredn a water insoluble (reduced state) to a
water-soluble and highly reactive state towardspry amine (oxidized state). This reactivity
makes this polymer unique and versatile for adpgsproperties as demonstrated hereafter
and for growing multilayers faster than works peesly described elsewhéPe’”.

The developed strategy to build the multilayerh®oe 1a) starts with a first immersion
of the substrate in an aqueous solution of P(MDGE&AP(DMAEMA®) (2 g/L), a
polycationic copolymer bearing 15 mol% DOPA moist{&cheme 1b; chemical structure
(3)) at room temperatufeThis DOPA-functionalized polycation is designedstoongly
anchor to the surface by DOPA/metal interactihhe next layers are then built by the
successive dipping of the surface into an aqueabgtisn of a poly(methacrylamide)
bearing oxidized DOPA moieties on each monomer (8itheme 1b, formula (2))
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(Pox(mDOPA)), and theim a polymer bearing primary amir, polyallylamine (PAH).
The appropriate combinatiorf this polymer with PAHN LbL multilayers, by adequately
controlling both the redox state of the(mDOPA) polymer (Scheme l1lbchemical
structureq1) and (2)) and the ¢ of the solutionshas been optimized to grow efficien
a durable LbL coating.

OxidizedDOPA moieties of Pc(mDOPA)are necessary for the covalent grafting of F
through amine/quinone reacticand/or Schiff base formatioat room femperature, ai
consequently for the interlayer cr-linking (Scheme la and S1, EI$F83 Preparation
conditions are crucial for the success of the timild-up. First, P(rﬁ)OPA) is oxidized in
aqueous media under basic conditions for 12 h tomfthe hydrosoluble P(mDOPA)
(see ESIT) whichs then deposited at a ccentration of 2 g/L on the first mDOPA)-co-
P(DMAEMA* ) layer by immersing the surface for 2 n Importantly, the next solution «
PAH (2 g/L) is deposited at pH=11 in order obtainthe polymer in the deprotonat
state. The reaction between primary nes with the quinone groups of (mDOPA) is
therefore made possible (ScheS1, ESIY).

First step: Second step: Third step:

F(mDOPA)-co-P(DMAENMAY) TPoa{(mDOTA) Nisin at pH 7.4

Washing steps Washing steps
_ Washing steps _ Washing steps

N -
} LbL for fiftcen bilaycrs
_ with atpIT 1l

DOPAmolecule
bT. for five bilayers

® with Poc(mDOPA)

[ Stainless steel substrate |

(b)

OH

Scheme 1(a) LbL process for imparting Iow-lastlng AB properties tcstainless steel and
(b) chemical structures of (1) P(mMDOPA), (2) Pox@m®A) and (3) FMDOPA)-co-
P(DMAEMA™).

In acidic media, amingroups are protonated and do not react with(mDOPA), such
that crosdinking and growth of the film canncoccur. All synthetic steg are performed
in mild conditions and in agqueous me (see ESI), which makeéhe buildin¢-block
synthesis pathways relevant for the developmeinoénvironmel-safe proces.

Finally, in order to imparAB activity to these coating®AH is replaced bnisin in the 5
last layers (Scheme 1a). Nisin, a low moleculamiveAB pepide (3500 g/mol), was select
because of (i) its high activity against a broaugeaof Grar-positive bacteri®® (ii) its wide
use as food preservativéii) its lack of toxicity for humand® and (iv) its stability whei
involved in coatingg® For this pupose, nisin was dissolved irpaosphate buffer sction at
pH = 7.4to favor the peptide grafting throu its N-terminal NH group (pKa:6.8-8) and not
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through the amingroups of the three internal lysineKa=11) Scheme 2, ESIT) that are
mainly responsible for théB activity of the peptidé? It is important to mention that tt
peptide grafting by the reaction (midazole groups (pKa ~ 6) of nis(Scheme 2, ESIt)
with oxidized catechd? *®carnot be excluded in these conditions.

As a first evidence of the multilayer film bu-up, Quartz Crystal Microbalancoupled
with Dissipation (QCMB) wasusedto follow the film growth in real time 0SS sensors by
measuring the variation of the resonant frequetAf) vstime. A decrease irAf indicates
polymer depositiori’ Fig. 1 shows that all partners are successfully depbsiteording tc
the selected depositioeguenc and redox/pH conditionand remain on the substrate e
after rinsing with water.

According to this procedure, 15 bilayers of (nDOPAYPAH, followed by 5 bilayers ¢
Pox(mDOPA)/Nisin,were buil on substrates provided by the steel industry (Ar«-Mittal,
SS 304 2B). Grface coverage anfilm thickness were probety Field EmissionGun
Scanning Electron Microscy (FEG-SEM).

< P(mDOPA)-co-P(DMAEMA*)

F7 (Hz)

-100
1

20 40 60 30 100 120 140 160
Tume (min)

Fig. 1 Frequency change upon depositionP(mDOPA)-co-PPMAEMA "), Pox(mDOPA),
PAH andNisin measured by QC-D as a function otime at 25°C, where the overto
number is 7.

A crosssection of coated steel (. S1, ES) clearly evidences that the film
homogeneously covering thebstrate, even in the substratefects, with an average fil
thickness of about 560 nm. XPS aalysis confirmghe presence of nis with its detected
sulfur atoms (Fig. S2, ESI).

Antibacterial activity of the film has been asseksagainsiB. subtilis using the standard
JIS Z methodspecially designed for cont-killing coatings Coated substres were
inoculated with about £a10° cells/ml of bacteria for 24 hours and the numbeswaivival
bacteria was evaluated by counting thafter spreading on agar plates. A striAB activity
was observeds demonstrated ta very high log decrease of swai bacteria compareto
bare SS (Fig. 2, contrglaccording to this JIS Z 2801:2000 procedurea 2 log decrease is
considered as antibacterial he permanent functionality of the coating was teealuated b
immersing the coatesubstrat in tap water during one night (thmmersion tes, Fig. 2) and
by cleaning it with a wet spon¢(30 back and forth movements, timechanical te;, Fig. 2).
It was then tested agafallowing the same procedure aAB activity was maintained at tl
same level, suppting the chemical grafting of nisin without denattion. In order to test
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further the efficiency of the coating activity, tlenount of bacteria was then considerably
increased by one order of magnitude (fromi 010 bacteria/ml). The AB activity was still
present but lowered, certainly due to the satumatb the surface by bacteria. Different
control samples were prepared to assess the rot@sof grafting and of the developed
strategy. First, films containing 20 bilayers ofxfaDOPA) and PAH without nisin were
tested and were shown to be inactive agdnsubtilis demonstrating the importance of nisin
for the AB properties. Second, when P(MDOPA) isduseplace of Pox(mDOPA), the film
cannot be formed due to the lack of solubility ofmBPOPA) in water. Third, when
polyacrylic acid (PAA) was used in place of Pox(mX), AB activity is observed when
nisin is present in the 5 last bilayers. HoweMais activity is almost completely lost when the
immersion test is performed and partly lost wite thechanical test. It is important to note
that this poor AB activity is observed even whemgsan amount of bacteria one order of
magnitude lower than for the test carried out one tleross-linked system
(((Pox(mDOPA)/PAH)¢/Nisin)s). This last experiment clearly demonstrates thatiesion
between the layers by electrostatic interaction8A(Rs negatively charged and nisin is
positively charged) is not sufficient for presexyithe durability of the functionality. Cross-
linking of the film and covalent peptide graftingeahus necessary for the permanent activity.

As additional proofs of the cross-linking reactithmough the amine/quinone reaction,
agueous solutions of Pox(mDOPA) and PAH (2g/l) & p 11 were mixed at room
temperature. An insoluble product is instantangofmimed (Figure S3, ESIT) and its re-
dissolution in any solvents (DMF, acetone, THF, is.)Jmpossible, as expected for a cross-
linked system. Moreover, solid stattC NMR analysis of the lyophilized product shows
typical signals around 160 ppm assigned to the ywéwined imine bonds (Figure S4, ESIY),
coming from the Schiff hase formation (Scheme $dcsire B, ESIt). The Michael addition
is also expected to océlir® (Scheme S1 structure A, ESIT) but cannot be ecitbon the
basis of the NMR experiments.

In conclusion, we have developed a simple and toieen strategy for promoting long-
lasting antibacterial properties to stainless stesthg a water soluble polymethacrylamide
bearing oxidized 3,4-dihydroxyphenylalanine groufi.the processing steps, including the
synthesis of the polymers and the peptide graftiege performed in agueous solutions under
mild conditions, making this process a sustainaliernative to current AB stainless steel
coatings that slowly release biocides in the emvitent. Compared to other works reporting
on mussel-inspired multifunctional coatings such thgse made from self-polymerized
dopamin€’ our strategy is faster (~1¥s 24H°) and does not require the use of strong
oxidizing agents. Moreover, our cross-linking pexeccurs at room temperature in water
and does not require the use of any toxic readiéms is in sharp contrast to conventional
LBL PAA/PAH films that can only be cross-linked ngi some toxic activators (such as
dicyclohexylcarbodiimide, DCC) and/or under thernia@atment that may denaturate the
peptide. Our versatile approach might be appliedotieer biomolecules and surfaces,
broadening considerably its general scope.
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u (PAA/PAH)15/Nisin)3
T m((Pox(mDOPA)PAH)1 5/Nisin)5
((Pox(mDOPA)/PAH)15/Nisin)5

Log of survivals

Fig. 2 Antibacterial assessments agaiB. subtilisusing the JIS Z method, values
bacteria log survivals compared with bareinless steel; all durability experiments wt
done in triplicate; purpleolour corresponds to an initial bacteria log of €red colour to
7.7 and the green one to9 (Control = AB coating on SS before mechanical
immersion tests).
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