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Title: Means and methods for providing a substrate with a biocidal

coating, and coated substrates obtainable thereby.

The invention relates to the field of antimicrobial materials, in
particular to implantable and other medical devices, exhibiting
antimicrobial activity. More specifically, the present invention is directed
means and methods for providing a substrate, e.g. a catheter or other type of
medical device or implant, with an antimicrobial coating comprising surface-
immobilized quaternary ammonium compounds, and coated substrates
obtainable thereby.

Soluble quaternary ammonium compounds are potent
antibacterial compounds and used for more than 70 years. These compounds
contain a positively charged nitrogen atom and a hydrophobic tail.

Bacteria have a natural ability to attach themselves to surfaces,
both natural and synthetic. Once attached, they often work cooperatively to
form biofilms, thin layers of bacterial colonies that can cover the surface of a
medical device and introduce the risk of infection. Due to their ability to
produce a protective polysaccharide layer they become resistant against the
immune system and administered antibiotics. As a result, orthopedic
implants, catheters, and even contact lenses can become vehicles for
infection. Notably, it has been reported that approximately thirty percent of
infections arise less than one month post-implant, another thirty-five
percent occur between one month and twelve months post-implant, and the
remainder appear more than a year post-implant.

Existing approaches against microbial adhesion use the release of
antibiotics or biocidal compounds like silver from a coated surface of an
implant. However, the initial burst release of antibiotics followed by a

prolonged period minimal release can lead to bacterial resistance and silver
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ions in body fluids can be toxic, limiting the clinical implementation of these
methods. Moreover, releasing system are exhausted within a short period.

Quaternary-ammonium-compounds (QACs) are potent cationic
antimicrobials used in everyday consumer products. Surface-immobilized,
quaternary-ammonium-compounds create an antimicrobial contact-killing
coating. Antimicrobial efficacy of QACs remains preserved and do not
contaminate body fluids when QAC-molecules are immobilized on a surface.
Such contact-killing coatings have potential in widely-varying applications,
including but not limited to surgical equipment and protective apparel in
hospitals, medical implants and wound dressings, water purification, food
packaging materials and industrial equipment. The use of QACs has been
popular since they can be conveniently incorporated in coating systems.
QACs are also stable in the human body, poorly metabolized and mainly
excreted in nonmetabolized form. QACs can be hemolytic when not
immobilized on a surface and environmentally toxic.

Polyethyleneimines (PEIs) are attractive polymers for preparing
polycations, as they contain a high density of primary, secondary and
tertiary amino groups. Therefore, quaternization of PEI will result in
polymeric QACs with a high charge density. The group of Klibanov et al.
pioneered on alkylation of poly(ethylene imines). Some bactericidal effect
was already obtained after N—alkylation of the amino groups of PEI with
alkyl halides (R= Ce.16). IV -alkylation not only resulted in some positive
charges on the tethered polymer groups, but also promote hydrophobic
interactions. A second alkylation step of N-alkylated Ce.16-PEIs with methyl
iodide resulted in a substantially higher charge density and biocidal
efficacy. Due to the small size of the methyl group and the good leaving
behaviour of 1odide, the degree of quaternization increased substantially,

and, as a result, the biocidal activity as well.



10

15

20

25

WO 2020/242315 PCT/NL2020/050349

Thus, anchored PEls are typically converted into antimicrobial polyquats by
alkylation of the amino groups in a two-step procedure. See for example
Behlau et al. (Biomaterials. Dec 2011; 32(34): 8783—-8796) disclosing the
biocompatibility and antibacterial properties of IV,IN-hexyl, methyl-
polyethylenimine (HMPEI) that is covalently attached to the Boston
Keratoprosthesis materials. It was found that HMPEI-derivatized materials
exert an inhibitory effect on biofilm formation by Staphylococcus aureus
clinical isolates, as compared to the parent poly(methyl methacrylate)

(PMMA) and titanium.

WO02016/043584 in the name of the applicant discloses a coating
method involving the “pre-oligomerization” of monomers forming a
hyperbranched polyurea to a low molecular weight polyurea prior to
contacting the polyurea with the surface to be coated, rather than
polymerization of the monomers on the surface. The coating obtained via
pre-oligomerization was robust, reproducible and long-lasting, with a
homogenous covering of the surface. The coating could be readily provided
with antibacterial agents, including N, N-alkylated PEI.

Park et al. (Biotechnol. Prog. 2006, 22, 584-589) developed
hydrophobic polycationic systems based on QACs that can serve as such a
“bactericidal paint”. Disclosed is a single-step, general procedure akin to
common painting. Glass or polyethylene slides were shortly dipped into
organic solutions of certain hydrophobic N-alkyl-PEI (where PEI stands for
branched 750-kDa polyethylenimine) polycations, followed by solvent
evaporation. The N-alkyl-PEI was physically absorbed to the surface. The
resultant polycation coated slides were able to kill on contact all of the
encountered bacterial cells, whether the Gram-positive human pathogen
Staphylococcus aureus or its Gram-negative brethren Escherichia coli. See

also US2013/0110237.
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It 1s generally held that antibacterial action of immobilized V-
alkylated PEI relies on the fact that N-alkylation introduces a positive
charge, as well as a hydrophobic tail. The positive charge is considered to
interact with the negative charge of bacteria, whereas the hydrophobic alkyl
tail enables penetration into the hydrophobic phospholipid layer of the
cytoplasmic membrane. Thus far, this dual effect of alkylation has been
considered as indispensable. Moreover, it is believed that the alkyl tail
should contain at least six C-atoms, with the biocidal activity increasing
with the number of CH2 moieties, up to about sixteen carbon atoms (Lin et
al., Biotechnol. Prog. 2002, 18, 1082-1086; Zhao et al. , Langmuir, 2019, 35
(17), pp 5779-5786; )

However, drawbacks of currently available coatings and coating
methods based on (immobilized) N-alkylated PEI include the high costs of
alkylhalide reagents and the lengthy two-step procedure in the presence of a
base.

The present inventors therefore set out to investigate whether at
least some of the above drawbacks could be avoided by a modification of the
conventional N-alkylation procedure. Contrary to all expectations, it was
surprisingly found that N-alkylation of PEI is not required to convert it to a
bactericidal material. Instead, the role of positive charges due to amine
protonation was found to be crucial for antibacterial action. More
specifically, the surface charge density of immobilized PEI could be
increased by the mere addition of a salt comprising a polarizable anion, such
as 1odide, to values that are high enough to kill bacteria.

Conceivably, full PEI protonation in an agqueous environment
cannot be achieved due to the repulsive forces of the vicinal nitrogen atoms,
which are too close to all become protonated. Without wishing to be bound
by theory, the anions exert a “shielding” effect wherein repulsive forces

between positively charged nitrogen atoms are reduced such that the degree
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of amine protonation is enhanced to a level that is sufficient for bactericidal
activity.

Herewith, the present invention shows for the first time that a
non-alkylated (i.e. non-quaternized) immobilized polyamine has
antimicrobial properties, and that protonation is much more important for
QAC-based coatings than alkylation. This finding is highly surprising in
view of the prior art described herein above, consistently teaching that the
two phenomena associated with PEI alkylation, i.e. a positive charge and a
hydrophobic alkyl tail, are without any doubt essential for bactericidal
action. Furthermore, the group of Klibanov, who is the pioneer of
antibacterial quaternary ammonium compounds based on PEI, reported
that quaternary amino group density was zero in water when no alkylation
step was conducted.! In all Klibanovs studies, the alkylation was performed
with hexylbromide and methyliodide in the presence of a base to scavenge
HBr and HI. Methyliodide is a stronger alkylation agent and gives

additional enhancement of the charge density.

Accordingly, in one embodiment the invention provides a method for
providing a substrate with an antimicrobial coating, comprising providing a
substrate that is coated with a covalently attached polyamine functionalized
polymer, wherein the polyamine is non-quaternized (non-alkylated), and
enhancing the charge density /degree of protonation of the polyamine-
functionalized polymer by contacting said polyamine-functionalized polymer
in an aqueous environment with a “shielding composition” in the form of an

aqueous solution of at least one salt having a high polarizability.

As used herein, the term “non-quaternized (polyamine)” or ‘non-alkylated”
refers to (polyamine) compounds that are free of any quaternary ammonium

groups, as opposed to QAC’s or “polyquats” known in the art. A quaternary
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ammonium group consists of a central positively charged nitrogen atom

with four substituents, especially organic (alkyl and/or aryl) groups.

A coating method or coated substrate according to the invention is not
disclosed or suggested in the art.

Gibney et al. (Macromol. Biosc. Vol. 12, no. 9, p 1279-1289) relates
to the effect of non-alkylated linear and branched PEI on bacteria in
solution. Only the MIC (minimum inhibitor concentration) value was
measured. MIC is the concentration of a biocide at which bacteria do not
grow. It is not an indicator of the bactericidal (killing) effect. Moreover, the
MIC value is measured in solution with soluble bacteria, which is very
different from polymer-immobilized PEIs according to the present invention.
Thus, the mechanism of killing in solution is completely different from that
on covalently coated surfaces.

US2014/0112994 relates to a method for forming an antimicrobial
metal-containing LbL coating on a medical device. The method comprises
alternatively applying, in no particular order, at least one layer of a
negatively charged polyionic material having —COOAg groups and at least
one layer of a positively charged polyionic material onto a medical device.
Exemplary polycationic polymers may comprise primary or secondary amino
groups or a salt thereof, including polyethyleneimine (PEI). However, in
contrast to the present invention, the LbL coating is not covalently attached
to the medical device.

Asri et al. (Adv. Funct. Mater. 2014, 24, 346-355) describe the
preparation of a shape-adaptive, contact-killing coating by tethering the
double N-alkylated PEI (QAC), onto hyperbranched polyurea coatings.

Yodovin-Farber et al. (J. of Nanomaterials, Vol. 2010, p.1-11)
describe the manufacturing of quaternary ammonium polyethyleneimine-
(QA-PEI)-based nanoparticles and their antibacterial activity. The QA-PEI
was either single or double N-alkylated.
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Zaltsman et al. (J. Appl. Biomater. Funct Mater 2016: 14(2): e205-
e211) relates to preparing similar types of QA-PEI nanoparticles, all
involving N-alkylation of PEIL. Notably, it is stated therein that a high
content of large carbonate ions are likely to mask the quaternary
ammonium cations, resulting in reduced antibacterial properties. This is in
marked contrast to, and teaching away from, the present invention wherein
polarizable anions are used to increase the bactericidal activity of a PEI-
based coating.

Wong et al. (Biomaterials 31 (2010); 4079-4087) relates to
bactericidal and virucidal ultrathin films using layer-by-layer technology
from N-alkylated PEI and polyanions. Nothing is mentioned about
conferring bactericidal activity to non-quaternized PEI using one or more
salts having a high ion polarizability.

WO2008/156636 relates to an antimicrobial surface polymer
coating capable of killing or deactivating bacterial spores which comprises:
(1) hyperbranched polymers having (a) at least one heterocyclic N- halamine
terminal group, or (b) at least one quaternary ammonium terminal group, or
(c) a mixture comprising at least one each of quaternary ammonium and
heterocyclic N-halamine terminal groups; or (2) polyamidoamine dendrimers
having at least one heterocyclic N- halamine terminal group, or (3) linear
PEI with hydantoin and N-alkyl quaternary ammonium groups at each
repeat unit. According to W0O2008/156636, each repeat unit of PEI carries
hydantoin and V-alkyl quaternary ammonium groups, which is contrary to
the present invention relating to antimicrobial coatings comprising non-

alkylated (non-quaternized) PEI.

In one embodiment of the present invention, a method for providing a
substrate with an antimicrobial coating comprises providing a substrate
that 1s covalently coated with a polyamine-functionalized polymer, and

contacting said polyamine-functionalized polymer with an aqueous salt
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solution comprising at least one salt having a polarizability ass of at least 4

A3 determined at 37°C.

Ton polarizability is defined as the ratio of the induced dipole moment of an
ion to the local electric field. Various methods to calculate or predict ion
polarizabilities in aqueous solutions have been described in the art. See for
example the study of Li et al. (J. Phys. Chem. B, 2017, 121, 6416-6424) who
determined the polarizabilities of 32 strong electrolyte salts in aqueous
solutions. A novel extrapolation method is presented using refractive index
and volume measurements, which method was found to yield results that
are in better agreement with the theoretical results obtained from earlier
studies. The salt polarizability values thus obtained at 37°C are presented

as as7 (the last column) in Table 1 of Li et al.

Accordingly, in one embodiment the shielding composition for use in a
method of the invention is an aqueous solution of at least one salt having a
polarizability as7 of at least 4 A3 determined at 37°C according to the method
of Li et al. (2017). Preferably, the aqueous solution comprises at least one
salt having a polarizability as7 of at least 4.5 A3, more preferably at least 5
A3,

As is known in the art (J. Phys. Chem. B 2017, 121, 6416—6424), the
polarizability is related to the refractive index of the solvent and solution

according to:
41 Nasalt

B 3
where R is molar refractivity, N is Avogadro’s constant and asaic denotes the
sum of polarizabilities of the solvated ions in c¢gs units or written in another
way:

3R
a = —
salt 41N
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asalt can be calculated by measuring the molar refractivity R. R is related to
the refractive index and volumes of the liquid before and after addition of

salt, according to the Clausius—Mossotti equation:

2
1 n-—1 _ Nwater? — 1 Vigarer

R =
Csait 772 +2 Nwater2 + 2 Vsot

Here, cealc 1s the molar salt concentration, with unit mol/Li; Vgater and nwater
are the volume and refractive index of pure water, respectively, before the
addition of salt; and V1 and ;3 are, respectively, the volume and refractive
index of the aqueous mixture solution after addition of salt. By measuring
the refractive index the sum of polarizabilities of the solvated ions, agalt, can

be calculated.

Accordingly, in one embodiment the aqueous salt solution comprises at least
one salt having a polarizability asar of at least 4 A3 determined at 37°C,

wherein

3R
Asqit = m

wherein R is molar refractivity, N is Avogadro’s constant and asaic denotes

the sum of polarizabilities of the solvated ions in cgs units.

In one aspect, the invention provides a method for providing a substrate
with an antibacterial coating, comprising providing a substrate that is
covalently coated with a polyamine- functionalized polymer, wherein said
polyamine is non-quaternized (non-alkylated), and contacting said
polyamine-functionalized polymer with an aqueous salt solution comprising

at least one ammonium salt, an alkaline metal salt and/or earth alkaline
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metal salt of an anion selected from the group consisting of Br-, I-, ClOy4,

S042-, NOg and PO43-.

Preferred alkaline metal salts include Li*, Na* and K*. Preferred earth
alkaline metal salts include Mg?* and Ca2*. Noble metal salts like Ag-salts

or Au-salts are less preferred.

Exemplary aqueous salt solutions are those comprising one or more of Nal,
KI, NaBr, KBr, NaClO4, KCl104, Na2S04, K2SO4, NazPO4, KsPO4, Mg(NO3)s,
Ca(NO3)2, (NH4)2S04, NH4NO3, Zn(NO3s)2, NaNOs3, NH4l, CaSO4, and
Al(NOg)s.

Good results were obtained with aqueous salt solutions comprising Nal,

KoSO4, Mg(NO3s)2, NH4I, NaNOs, and/or Zn(INO3)s.

The concentration of the salt(s) providing polarizable anions is not critical.
Also, the duration of contacting the amine functionalized polymer to the
shielding composition can be varied according to needs. Contacting
(shielding) periods ranging from 0.5 to 20 hours were found to be effective,
but shorter and longer periods are also encompassed. Whereas contacting
with the shielding composition is suitably performed at room temperature,

any temperature in the range of 0 to 100°C can be used.

It was observed that with increased salt concentration, the treatment period
with the shielding composition could be reduced. For example, a high
surface charge density and good bactericidal activity was obtained using 1-

100 mM Nal.

The efficacy of a shielding salt composition to increase the extent of
quaternization of amines, thus the charge density, can be measured using
methods known in the art. For example, the Fluorescein method (Tiller et
al., PNAS, May 22, 2001, vol. 98, no. 11, 5981-5985) measures the

absorption of fluorescein on the positive charged nitrogen by UV
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spectroscopy. It 1s performed in water, and measures both alkylated and

protonated nitrogen atoms.

As will be appreciated by a person skilled in the art, a method of the
invention is suitably used to convert any non-quaternized polyamine-
functionalized polymer into a biocidal polymer. In particular, it is a polymer

that has heretofore been used to provide QAC’s by N-alkylation.

Exemplary polyamines that can be used in the present invention to prepare

a polyamine-functionalized polymer include the following:

Gaﬂave{m{a PN
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Yevrens;

Polypropyleneimine Polyethyleneinine dendrimer
5
Polyethyleneimine
n 3
LA
b \] 3 n
ILNT IL,NT N7 LN NHy
10

Polyallylamine Polyvinylamine
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In a preferred embodiment, the polyamine- functionalized polymer
comprises or consists of non-quaternized polyethyleneimine (PEI). PEI-
based biocides are effective in inhibiting the growth of many
microorganisms. As used herein, microorganisms includes single-cell and
multi-cell bacteria, fungi, parasites, protozoans, archaea, protests, amoeba,
viruses, diatoms, and algae. Microorganisms whose growth may be inhibited
by polyethylenimine based coatings of the invention include Staphylococcus
aureus, Staphylococcus epidermidis, Streptococcus faecalis, Bacillus subtilis,
Salmonella chloraesius, Salmonella typhosa, Escherichia coli,
Mycobacterium tuberculosis, Pseudomonas aeruginosa, Aerobacter aerogenes
Saccharomyces cerevisiae, Candida albicans, Aspergillus niger, Aspergillus
flares, Aspergillus terreus, Aspergillus verrucaria, Aureobasidium pullulans,
Chaetomium globosum, Penicillum funiculosum, Trichophyton interdigital,
Pullularia pullulans, Trichoderm sp. madison P-42, and Cephaldascus
fragans; Chrysophyta, Oscillatoria bometi, Anabaena cylindrical,
Selenastrum gracile, Pleurococcus sp., Gonium sp., Volvox sp., Klebsiella
pneumoniae, Pseudomonas fluorescens, Proteus mirabilis,
Enterobacteriaceae, Acinetobacter spp., Pseudomonas spp., Candida spp.,

Candida tropicalis, Streptococcus saltvarius, Rothia dentocartosa,
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Micrococcus luteus, Sarcina lutea, Salmonella typhimurium, Serratia
marcescens, Candida utilis, Hansenula anomala, Kluyveromyces marxianus,
Listeria monocytogenes, Serratia liquefasciens, Micrococcus lysodeikticus,
Alicyclobacillus acidoterrestris, MRSA, Bacillus megaterium, Desulfovibrio
sulfuricans, Streptococcus mutans, Cobetia marina, Enterobacter aerogenes,
Enterobacter cloacae, Proteus vulgaris, Proteus mirabilis, Lactobacillus

plantarum, Halomonas pacifica, Ulva linza, and Clostridium difficile.

Preferably, the invention provides a method for providing a substrate with
an antimicrobial (e.g. antibacterial) coating, comprising providing a
substrate that is coated with non-alkylated PEI, and enhancing the charge
density of PEI by contacting the PEI-coated substrate with an aqueous

shielding composition as defined herein above.

For example, the PEI-coated substrate is contacted with an agqueous
shielding composition comprising one or more of Nal, KI, NaBr, KBr,
NaClO4, KC104, Na2SO4, KaSO4, NazsPO4, KsPO4, Mg(NO3)s2, Ca(NO3)s,
(NH 2S04, NH4sNO3, NH4I, MgSO4, CaSO4, Zn(NOs)2, NaNOs, and
Al(NOs3)s.

A major object of the present invention is to develop an improved process for
coating a surface of a substrate to make the surface antimicrobial. Such a
surface can be kept substantially and persistently free from micro-
organisms including bacteria, for example cocci, in a physiologically
compatible manner without thereby altering the mechanical properties of
the treated materials. The invention therefore also provides a process for
coating a surface of a substrate to make the surface antimicrobial,
comprising contacting providing a substrate that is coated with a PEI-
functionalized polymer, and enhancing the charge density / degree of
protonation of the PEI- functionalized polymer by contacting said PEI-

functionalized polymer with a shielding composition capable of reducing
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repulsive forces between positively charged nitrogen atoms of the PEI

amines.

The substrate to be coated can be any type of substrate, article, object or
material. In modern medicine frequent use is made of exogenous articles in
such a way that they come into medium - or long-term contact with tissue or
body fluids. Examples are implants, such as pacemakers, stents and
prostheses, and also suture materials, drainage hoses and catheters. Such

articles may consist, inter alia, of metals, ceramics and/or polymers.

In one embodiment, the substrate is a medical grade material, preferably
selected from the group consisting of medical grade polyethylene,
polydimethylsiloxane elastomer (PDMS), polyurethane, and
polyvinylchloride (PVC).

In another embodiment, the substrate is a metal which is biocompatible
with the mammalian body, preferably selected from the group consisting of
stainless steel alloys, titanium, titanium-alloy, tantalum and tantalum-

alloy.

The PEI-functionalized polymer coating is associated with at least part of
the outer surfaces of the substrate in a covalent (fixed) manner. Since
leaching out of the biocidal compounds is often undesirable, the polymer
coating is covalently associated with at least part of the surface of the

substrate.

Hyperbranched polymers (HBPs) are particularly suitable for specialty
coatings. They allow introduction of a wide variety of (bio-active)
functionalities, such as biocides, due to the numerous end groups. The
anchoring of coatings on surfaces can be achieved either by physical
adsorption or by covalent bonding. Although physical adsorption is a

common application technique, the coating layers can be removed under
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harsh application conditions. In contrast, covalently attached coating layers
according to the present invention can withstand harsh conditions better.
Therefore, in a preferred embodiment, the covalently attached polymer
coating comprises a hyperbranched coating. Hyperbranched polymers can be
prepared by chain and step growth polymerizations. The most important
routes to prepare HBPs are either by polymerizing of A2 and Bx monomers or
by using ABx monomers. A and B represent two different functional groups
that are able to react with each other, and x is the number of B groups in a

monomer.

In a specific aspect, the invention provides a method for providing a
substrate with an antibacterial coating, comprising providing a substrate
that is coated with a PEI-functionalized hyperbranched polyurea, and
enhancing the charge density of the amine functionalized coating by
contacting the coated substrate with a shielding composition capable of
reducing repulsive forces between positively charged nitrogen atoms of said

amines.

A PEI-functionalized hyperbranched polyurea can be obtained by using
methods known in the art. See for example Asri et al. Adv. Funct. Mater.
2014, 24, 346-355. It may comprise the polymerization of AB2 monomers
comprising a secondary amine as A-group and blocked isocyanates as B-

groups.

For example, the AB2 monomers are of the general formula

L N N N L
1T \R/ \R/ Tz
1 2
O O

wherein
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R: and Rz are aliphatic chains (CH2)m and (CH2), wherein m and n
are an integer in the range of 3 to 15, preferably 3 to 8, and
L1 and L2 are blocking groups, preferably selected from

caprolactam, phenol, oxime, triazole and malonic esters.

Polymerization of AB2 monomers can be performed directly on an (activated)
surface, for instance a titanium or titanium-alloy surface. Alternatively, in
analogy to what is disclosed in W0O2016/043584, it may comprise the ‘pre-
polymerization’ of AB2 monomers to a low molecular weight polyurea, which
low molecular weight polyurea is then contacted with the surface. The
surface is preferably provided with a coupling agent. The surface may be

activated prior to contacting with coupling agent.

Accordingly, in one embodiment the step of providing a substrate that is

coated with an amine functionalized hyperbranched polyurea comprises

a) providing a surface, optionally comprising reactive hydroxyl groups,

and grafting onto said (hydroxylated) surface a coupling agent;

b) polycondensation of AB2 monomers comprising a secondary amine as
A-group and blocked isocyanates as B-groups to obtain a low molecular

weight polyurea of at least 1500 Da; and

¢) contacting said low molecular weight polyurea with the surface
grafted with a coupling agent to covalently anchor the polyurea, and
continuing polycondensation by heating, optionally in the presence of AB2

monomers, to obtain a hyperbranched polyurea coating.

Various types of coupling agents can be used, including 2-oxo-N(3-
triethoxysilyl)propyvl)azepane-1-carboxamide previously disclosed in

WO02016/043584.
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However, very good results in terms of coating strength were obtained with

the development of a novel, dopamine-based coupling agent of the formula

O
HO kl N

O
HO

N-(3,4-dihydroxyphenethyl)-2-oxoazepane-1-carboxamide

This coupling agent is readily synthesized by reacting dopamine or a salt
thereof, preferably dopamine.HCI, with carbonyl biscaprolactam (CBC). In
one embodiment, the invention provides a method for providing N-(3,4-
dihydroxyphenethyl)-2-oxooazepane-1-carboxamide (CaBiDA), comprising
reacting dopamine or a salt thereof with CBC in a suitable solvent in the
presence of a base. Preferred solvents are polar solvents having a boiling
temperature of 80°C or higher, preferably 100°C or higher, and show a good
dopamine salt solubility. For example, the solvent comprises at least 10 w%
of the dopamine salt. A particularly preferred solvent is DMF. Preferred
bases include trimethylamine. In a specific aspect, the method comprises
reacting stoichiometric amounts of CBC, dopamine hydrochloric acid salt

and trimethylamine in DMF at about 80 °C in a nitrogen atmosphere.

The invention also provides the compound N-(3,4-dihydroxyphenethyl)-2-

oxooazepane-1l-carboxamide, herein referred to as CaBiDA.

A further embodiment relates to the use of CaBi1DA as coupling agent,
preferably as coupling agent in the interphase region between (i) an
inorganic solid substrate, such as a glass, metal, or mineral substrate, and

(11) an organic substrate, such as an organic polymer, coating, or adhesive.
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As 1s exemplified herein below, the novel coupling agent was found to
exhibit an increased stability under wet conditions as compared to 2-oxo-
N(3-triethoxysilyl)propylazepane-1-carboxamide previously disclosed in

WO02016/043584.

In one embodiment, the invention provides the use of CaBiDA as coupling
agent in the interphase region between (1) a solid substrate, such as a glass
substrate, a (medical grade) polymer substrate, a metal substrate, or a
mineral substrate, and (i1) an antibacterial coating, preferably an
antibacterial coating comprising non-alkylated PEI as disclosed herein

above.

Also provided herein is a method of providing a solid substrate with a
coating material, preferably a polymer coating, more preferably an
antimicrobial or bactericidal coating, comprising contacting a surface of the
substrate with CaBiDA coupling agent to mediate binding between the solid

surface and the coating.

The substrate to be coated can be any type of substrate, article, object or
material. In modern medicine frequent use is made of exogenous articles in
such a way that they come into medium - or long-term contact with tissue or
body fluids. Examples are implants, such as pacemakers, stents and
prostheses, and also suture materials, drainage hoses and catheters. Such

articles may consist, inter alia, of metals, ceramics and/or polymers.

In one embodiment, the substrate is a medical grade material, preferably
selected from the group consisting of medical grade polyethylene,
polydimethylsiloxane elastomer (PDMS), polyurethane, and
polyvinylchloride (PVC).

In another embodiment, the substrate is a metal which is biocompatible

with the mammalian body, preferably selected from the group consisting of
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stainless steel alloys, titanium, titanium-alloy, tantalum and tantalum-

alloy.

In a specific aspect, the invention relates to a method for providing a solid
substrate or at least part of a surface thereof with an antibacterial coating,
comprising contacting the substrate with the CaBiDA coupling agent to
obtain a surface that is grafted with coupling agent, followed by covalently
anchoring an antibacterial coating, for example a hyperbranched polymer,
which may be functionalized with a polyamine, such a non-quaternized or a

quaternized PEI.

The coupling agent can simply be contacted (e.g. by immersion) with at least
part of the surface with a solution of coupling agent, followed by continued
reaction at elevated temperature. The surface may be activated or not. For
example, an activated surface is immersed for 5-15 minutes in an alcoholic
(e.g. MeOH) solution of coupling agent, and thereafter maintained at about
100-120°C for at least 1 hour, preferably at least 2 hours, to allow for
adhesion of coupling agent. Unreacted coupling agent is preferably removed

by washing, e.g. in ethanol, under sonication.

In a specific embodiment, the CaBiDA coupling agent is treated with an
oxidizing agent, such as NalO4, at room temperature, improving the
adhesion. By increasing the pH to a value above 8, an additional effect on
adhesion can be obtained. Optionally, a diamine such as 1,6-hexamethylene

diamine can be added in addition to the previous mentioned methods.

In a preferred embodiment, the surface provided with CaBiDA is then
reacted with a polymer that is readily functionalized to a specialty
coating by introducing of a wide variety of (bio-active)

functionalities, such as biocides. Of particular interest are hyperbranched
polymers including hyperbranched polyurea, discussed herein above. For

example, to obtain a coating having antibacterial properties, an
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antibacterial functionality is coupled to the hyperbranched coating. This
may include immobilizing onto the hyperbranched (polyurea) coating a
hydrophobic, optionally N-alkylated, polyamines, such as polyethylenimine
(PEI) having antibacterial properties. The antibacterial PEI may be
obtained via the conventional route involving N-alkylation with linear,
cyclic or branched C5-C15 alkyl chains, or aromatic compounds, such as
benzyl. However, it is preferred that the above mentioned novel approach is
used, which instead of N-alkylation comprises the use of an aqueous salt
solution capable of reducing repulsive forces between positively charged
nitrogen atoms of said amines in order to enhance the degree of PEI

protonation, and therewith the biocidal activity.

Also provided herein is a substrate coated with an antibacterial coating
obtainable by a method of the invention. The method may involve the use of
a shielding composition, the CaBiDA coupling agent and/or the additional

contacting with a proteinaceous substance as herein disclosed.

The solid substrate is a medical device or implant, preferably selected from
the group consisting of a catheter, a prosthesis, an orthopedic implant and a
cardiovascular implant. Exemplary medical devices include: (1)
extracorporeal devices for use in surgery such as blood oxygenators, blood
pumps, blood sensors, tubing used to carry blood and the like which contact
blood which i1s then returned to the patient; (2) prostheses implanted in a
human or animal body such as vascular grafts, stents, pacemaker leads,
heart valves, and the like that are implanted in blood vessels or in the
heart; (3) devices for temporary intravascular use such as catheters, guide
wires, and the like which are placed into blood vessels or the heart for
purposes of monitoring or repair.

Encompassed are continuous coatings covering the entire substrate but also
discontinuous local coatings or combinations of local coatings and

continuous top coatings. A substrate of the invention is characterized by a
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strongly adhered antibacterial coating which displays a high mechanical

strength.

The substrate 1s for example a medical device or implant, for instance a
catheter or a prosthesis. In one embodiment, the implant is an orthopedic
implant or a cardiovascular implant, for example selected from the group
consisting of cardiac valves, alloplastic vessel wall supports, and total
artificial heart implants. In another embodiment, the implant is selected
from the group consisting of ear tubes, endotracheal tubes, ventilation

tubes, cochlear implants and bone anchored hearing devices.

Notably, an antibacterial coating obtained by treating non-quaternized PEI
with a polarizable salt has a more hydrophilic character as compared to the
traditional N-alkylated quaternized PEI coatings. Since hydrophilic coatings
are less toxic than hydrophobic coatings and may also promote cell growth,
this property is particularly advantageous for coated implants or any other
substrate or device to be used exposed to cells or tissue, including in vitro

and in vivo applications.

An antimicrobial coating according to the present invention may be provided
with one or more further components that are of benefit for in vitro and in
vivo applications, in particular for applications wherein the coating will be
exposed to (mammalian) cells or tissue. For example, the coating can be
provided with a component that reduces the adverse effect of the charge
density on surrounding cells or tissue, without sacrificing the bactericidal
effect.

In one embodiment, peptides or proteins are suitably used to
promote or support tissue homeostasis and/or growth in the area in contact
or surrounding a bactericidal coating or coated substrate, e.g. a biomedical

implant. Therefore, in a specific aspect of the invention, the step of treating
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the polyamine functionalized polymer with an aqueous salt solution to
obtain an antimicrobial coating is followed by contacting the bactericidal
coating with one or more proteinaceous substances such that “protective”
proteinaceous substances become absorbed to the coating.

Thus, in some embodiments, the invention provides a strongly adhered
antimicrobial coating which displays a high mechanical strength and has a

good compatibility with (mammalian) cells or tissue.

Preferred proteinaceous substances include peptides and proteins that are
non-toxic, for example one or more naturally occurring mammalian,
preferably human, protein(s) or fragment(s) thereof. Also encompassed are
synthetic peptides or proteins. The use of one or more purified proteins is
preferred.

In a specific aspect, the proteinaceous substance is a proline-rich
protein, for example a member of the proline-rich proteins (PRPs) family of
salivary proteins produced by the parotid and submandibular glands and
constitute nearly 70% of the total protein of human saliva. Basic and
glycosylated PRPs are encoded by four genes, PRB1-PRB4, and acidic PRPs
by two genes, PRH1 and PRH2. They are synthesized as precursor proteins
(~150 amino acids), many of which are cleaved before secretion to generate
more than 20 PRPs in saliva. It has been shown in the art that the biocidal
efficacy of a hyperbranched coating functionalized with N-alkylated PEI was
not reduced in the presence of saliva, which contains a large amount of
proteins (Dong et al. Langmuir, 2019, 35, 43, p. 14108-14116). However,
nothing was mentioned or suggested how this would affect cell or tissue
homeostasis.

In another specific aspect, one or more mammalian serum
proteins is used, including fibronectin, alpha-1-antitrypsin, alpha-2-
macroglobulin, ceruloplasmin, transferrin and serum albumin. For example,

the coating is contacted with human or bovine serum albumin



10

15

20

25

WO 2020/242315 PCT/NL2020/050349

24

As used herein, the singular forms "a", "an" and "the" are intended to
include the plural forms as well, unless the context clearly indicates
otherwise. The term "and/or" includes any and all combinations of one or
more of the associated listed items. It will be understood that the terms
"comprises" and/or "comprising” specify the presence of stated features but

do not preclude the presence or addition of one or more other features.

The invention is exemplified by the following non-limiting examples.

LEGEND TO THE FIGURES

Figure 1: 1H NMR spectrum of the dopamine-based coupling agent N-(3,4-
dihydroxyphenethyl)-2-oxooazepane-1-carboxamide (CaBiDA).

EXPERIMENTAL SECTION

Example 1 : Synthesis of coupling agent CaBiDA.

Stoichiometric amounts of carbonyl biscaprolactam (CBC; 1.419 g, 5.631
mmol), dopamine hydrochloric acid salt (1.068 g, 5.631 mmol),
trimethylamine (0.784 mL, 5.631 mmol) and 10 mL DMF were added to
round bottom flask which was equipped with a reflux condenser, and stirred
at 80 °C for 24 h in a nitrogen atmosphere. After cooling down the solution
the coupling agent was precipitated by adding 50 mL of an aqueous CaCls
solution (5wt%) and then dissolved in 10 mL CHCIls. After removal of the
aqueous layer, the organic layer was washed two times with 50 mL of an
aqueous solution of CaCls (5wt%) and once with 50 mL of a saturated brine
solution. After removal of the aqueous layer, the organic layer was dried on

anhydrous magnesium sulfate (MgS0O4). After drying, MgS04 was filtered off
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and the solvent was completely removed in a rotavapor under reduced
pressure (yield 97%). The tH NMR spectrum shown in Figure 1 confirmed
the structure of CaBiDA.

A reaction scheme is given in scheme 1.

Scheme 1: Preparation of dopamine-based coupling agent.

Example 2 : Synthesis of AB2 molecules and hyperbranched
polyurea polymer (HBP)

Carbonyl biscaprolactam (CBC, 5.805 g, 23 mmol), bishexamethylene
triamine (2.495 g, 11.5 mmol) and 10 mL xylene were added into a round-
bottom flask equipped with a reflux condenser and stirred heated at 80 °C
for 8 h in a nitrogen atmosphere to obtain the AB2 monomer. Next, the
temperature was raised to 145 °C for 1 h reaction to induce

prepolymerization, yielding a number average molecular weight of 1,5600Da.

The solution was cooled down to room temperature, 5 mL of xylene was
added and extracted three times with an aqueous CaClsz solution (5 wt%),
and once with a saturation brine solution. After removal of the aqueous
layer, the organic layer was dried on anhydrous magnesium sulfate

(MgSO0y). After drying MgSO4 was filtered off and the solvent was
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completely removed in a rotavapor under reduced pressure, yielding a waxy

solid. In scheme 2 an overview of the reactions is depicted.

Scheme 2: Schematic representation of the preparation of AB2 monomer and

hyperbranched polymer (HBP)

Example 3: Pre-treatment of a titanium substrate

Titanium samples (Ti, 10 mmX10 mmX1 mm) were cleaned by dispersing
them in a sonication bath in n-hexane for 10 min, followed by 30 min
ultrasonic immersion in 40 mL of 10 M HCI solution, subsequently
immersed in 40 mL milli-Q water and sonicated for 30 min. Then, the Ti
samples were rinsed with acetone and dried at room temperature (RT).
Next, the Ti samples were oxidized in a mixture of 25% NH4OH, 30% H202
and H20 (1:1:5 v/v) at 80 °C for 20 min. After this treatment. T1 samples
were washed with milli-Q water, followed by washing with acetone and

dried at RT.
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Example 4: Application of coupling agent

A) The pre-treated Ti substrates (Example 3) were immersed into a solution
of the coupling agent (Example 1) in ethanol (3 wt%) for 10 min, and then
heated at 110 °C for 2h in a vacuum oven. The unreacted coupling agent
was removed by sonicating the samples with ethanol for 20 min at RT and
dried.

B) Alternatively, a pre-treated Ti substrate (Example 3) was immersed into
a PBS solution comprising CaBiDA and NalO4 (molar ratio 2:1) at a pH of
7.0 and incubated at 37 °C overnight, and then washed ultrasonically with

ethanol for 10 min and dried.

Example 5: Immobilization of hyperbranched polymer

A solution of HBP (Example 2; 5 wt% in ethanol) was spin-coated (2000

rpm, 60 s) on the Ti pieces covered with the coupling agent (Example 4A).
Then the samples were heated for 2 h at 145 °C in a nitrogen atmosphere.
Non-anchored polymers were removed by an extraction in DMF for 2 h at

115 °C. Next, the coated T1 pieces were sonicated in methanol for 20 min at

RT and dried.

Example 6: Functionalization with polyethyleneimine (PEI)

100 pL of PEI solution (20 wt% in methanol) was dropped on the coated
titanium samples (example 5) and spin coated (2000 rpm, 60s). The
anchoring reactions were carried out at 125 °C for 3 hours in a nitrogen
atmosphere. Unreacted PEI was removed by sonication with methanol for

20 min at RT and dried.
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Example 7: Enhancing the charge density of PEI

The PEI-coated samples (example 6) were immersed in several aqueous
solutions comprising different types of salts for 2-20 h at room temperature
(see Table 1), followed by 3 times washing with pure water and sonicating
once for 10 min in pure water. The resulting charge density was measured
according to the fluorescein method (example 8), and expressed as
percentage increase relative to the charge density prior to immersion.
Furthermore, the antibacterial properties of a number of samples was tested

in a Petri film assay with S. epidermidis as bacterial strain (example 9).

Table 1. Charge densities and antibacterial properties of PEI-coated
titanium substrates after exposure to aqueous solutions comprising different

types and concentrations of salts.

Incubation Polarizability Antibacteri
Salt Time (h) According to * Cha.rge density al
increase

None - No
NaCl (10 mM) 20 3.359 0% No
Nal (1 mM) 20 7.443 39% Yes
Nal (10 mM) 2 7.443 ND Yes
Nal (10 mM) 8 7.443 ND Yes
Nal (10 mM) 20 7.443 81% Yes
Nal (25 mM) 20 7.443 105% Yes
Nal (40 mM) 20 7.443 134% Yes
Nal (100 mM) 20 7.443 135% Yes
Mg(NOs)z (10 mM) 20 7.475 26% Yes
Zn(NO3)z (1 mM) 2 ND ND Yes
NaNOs (1 M) 2 4.313 63% Yes
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# 1Li et al. (J. Phys. Chem. B, 2017, 121, 6416-6424) who determined salt
polarizability values at 37°C presented as as7 in the last column of Table 1.

ND: not determined
Example 8: Two-step N-alkylation of PEI (Comparative example)

In a round bottom flask provided with a reflux condenser, coatings
comprising tethered PEI sample (example 6) were N-alkylated (quaternized)
by immersion in 20 mL CeH13Br at 90 °C for 4 h. Next, 1.07 g of a proton
sponge (1,8-bis(dimethylamino)naphthalene) in 25 mL of tert-amyl alcohol
was added. The reaction was continued for 3 h. The coated samples were
rinsed with methanol and subsequently sonicated for 20 min at RT. The
obtained coatings were dried and placed into round bottom flask in a
nitrogen atmosphere for a second alkylation step. In a round bottom flask
was provided with a reflux condenser and the samples were immersed in 20
mL CHsI at 42 °C for 24 h. The coated samples were rinsed with methanol
and subsequently sonicated for 20 min at RT, then dried and stored in bottle
in a nitrogen atmosphere. The increase of the charge density due to both
alkylation steps was 109%. The antibacterial properties were determined as

described in example, with S. epidermidis bacteria and all were killed.

Example 9: Charge density measurements

Samples were immersed at RT in 15 mL of a 1wt% fluorescein (disodium
salt) solution in demineralized water for 10 min, washed four times with 50
mL water, followed by sonication in 50 mL water for 5 min at RT to remove
any dye not complexed with cationic species, and dried with an air flow to
remove residue water. Next, the samples were placed in 10 mL of a 0.1 wt%
cetyltrimethylammonium chloride solution in demineralized water and
sonicated for 10 min at RT to desorb complexed fluorescein dye.

Subsequently, 10 v/v% of 100 mM phosphate buffer, pH 8, was added to a
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total volume of 11 mL and UV/VIS measurements (Spectra max M2 UV/VIS
spectrophotometer) carried out at 501 nm. The charge density was
calculated according to the method as described by Steven Roest, Henny C.
van der Mei, Ton J.A. Loontjens, Henk J. Busscher, in Applied Surface
Science 356 (2015) 325-332. The results are indicated in Table 1.

Example 10: Antibacterial evaluation by the Petrifilm test

S. epidermidis ATCC 12228 was first streaked on a blood agar plate from a
frozen stock solution (7 v/v% DMSO) and grown overnight at 37 °C on blood
agar. One colony was inoculated in 10 mL tryptone soya broth (T'SB, Oxoid,
Basingstoke, UK) and incubated at 37 °C for 24 h. This culture was used to
inoculate a main culture of 200 mL TSB, which was incubated for 16 h at 37
°C. Bacteria were harvested by centrifugation for 5 min at 5000 g and 10 °C
and subsequently washed two times with 10 mM potassium-phosphate

buffer, pH 7.0.

The ability of the coatings to kill adhering staphylococcl was evaluated by
the Petrifilm assay. The Petrifilm assay employed is based on culturing of
organisms that survive contact with the coatings under nutrient-rich
conditions. The Petrifilm Aerobic Count plate (3M Microbiology, St. Paul,
MN, USA) consists of two films: a bottom film containing standard
nutrients, a cold-water gelling agent and an indicator dye that facilitates
colony counting and a top film enclosing the sample within the system. The
bottom film containing the gelling-agent was first swelled with 1 mL sterile
demineralized water for 40 min and transferred to the transparent top film
before usage. Next, 10 p Li bacterial suspensions with the different
concentrations were placed on coated slides (1 cm X 1 ¢cm). After closure of
the Petrifilm system with a slide in between, the staphylococcal suspension

spread over the entire surface area of the samples, enabling calculation of
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the bacterial challenge per cm2 from the dimensions of the samples and the
bacterial concentration in suspension. Petrifilms were incubated at 37 °C for
48 h after which the numbers of CFU were counted. As a control, 10 n L of
the bacterial suspension was inoculated on Petrifilm without a sample in

between.

Example 11: Covalently attached Antibacterial coating on PDMS

PDMS pieces (2 x 2.5 cm?2) were placed in an air plasma equipment (Femto
system from Diener-electronic, Germany) at 100 W, for 1-2 min (at 1.7X10-
Imbar air). The obtained hydrophilic PDMS pieces were immersed in the 3
v/v% solution of CaBiDA in absolute ethanol for 10 min at RT and then
placed in vacuum oven and heated at 110°C for 2 h under vacuum. The
unreacted coupling agent was removed by washing PDMS pieces in ethanol
for 20 min in sonic bath at RT and dried under vacuum and stored under
nitrogen.

PDMS slides were submerged in a solution of hyperbranched
polymer (5 wt% in ethanol) and subsequently spin coated (2000 rpm, 60 s).
On heating at 145 °C for 2 h fixation on the coupling agent and a continued
polymerization of the hyperbranched polymer on the surface was carried
out under a nitrogen flow. Non-anchored polymers were removed by an
extraction in 200 mL DMF at 115 °C for 2h. Next PDMS pieces were
sonicated in absolute ethanol for 20 min at RT and dried and stored under
nitrogen.

A solution of polyethyleneimine (PEI) in water (50 wt%) was freeze
dried overnight (Mw«=750 kDa) and the residue was dissolved in methanol in
20 wt% concentrations. 200 pL of the PEI solution was dropped on the
sample covered with the hyperbranched polymer and spin coated (2000 rpm,

60 s). The anchoring reactions were carried out on aluminium plate at 125
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oC for 3 under nitrogen. Unreacted PEI was removed with methanol using
ultrasonic bath for 45 min at RT and dried under nitrogen.

The PEI-coated PDMS piece were immersed at RT in 10 mmol/L
Nal solution for 2, 8 and 20h respectively, followed by 3 times washing with
pure water and sonicating once for 10 min in pure water. The resulting
charge density was measured according to the fluorescein method and
expressed as percentage increase relative to the charge density prior to
Immersion.

The charge density increase of the sample after 20h immersion was
30%. The antibacterial properties of the samples after 2 and 8h immersion
were tested with Staphylococcus Epidermidis as described in Example 10.

No surviving bacteria were observed.

Example 12: CaBiDA shows improved adhesion.

The CaBiDA coupling agent was applied on a titanium substrate using the
NalO4 route as described in example 4B. The siloxane coupling agent 2-oxo-
N(3-triethoxysilyl)propyl)azepane-1-carboxamide (CaBiTES) previously
disclosed in W02016/043584 was used as comparative example. The
samples were immersed in water for 4 days at room temperature. The
contact angles measured before and after immersion are presented in Table

2.
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Table 2. Contact angles of titanium samples covered with CaBiDA or

CaBiTES.
Coupling agent Before immersion After 4 days immersion
CaBiDA 38.8 37.8
CaBiTES 71.0 46.9

The contact angle of CaBBiDA remained the same, while the contact angle of
CaBiTES went down from 71.0 to 46.9 degrees, indicating a reduced
stability of CaBiTES under wet conditions.
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Claims

1. A method for providing a substrate with an antimicrobial coating,
comprising providing a substrate that is covalently coated with a polyamine-
functionalized polymer, wherein said polyamine is non-quaternized, and
contacting said polyamine-functionalized polymer with an aqueous salt
solution comprising at least one salt having a polarizability as7 of at least 4

A3 determined at 37°C.

2. Method according to claim 1, wherein said aqueous salt solution

comprises at least one salt having a polarizability a37 of at least 4.5 As.

3. Method according to claim 1 or 2, wherein said aqueous salt
solution comprises an ammonium salt, an alkaline metal salt or earth

alkaline metal salt of an anion selected from the group consisting of Br-, I-,
0104', SO42', NOg' and PO43'.

4, Method according to any one of claims 1-3, wherein said shielding
composition comprises one or more of Nal, KI, NaBr, KBr, NaClO,4, KC1O,,
Na2S04, KoSO4, NasPO4, KsPO4, Mg(NO3)2, Ca(NO3)2, Zn(NOs)2, NaNOs,
(NH 2S04, NH4sNO3, MgS04, NH4I, CaSO4 and AI(NO3)s.

5. Method according to any one of claims 1-4,wherein said polyamine-

functionalized polymer comprises non-alkylated polyethyleneimine (PEI).

6. Method according to any one of claims 1-5, followed by contacting
said polyamine-functionalized polymer with one or more proteinaceous

substances.

7. Method according to any one of claims 1-6, wherein the substrate is
a medical grade material, preferably selected from the group consisting of
medical grade polyethylene, polydimethylsiloxane elastomer (PDMS),
polyurethane, and polyvinylchloride (PVC).
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8. Method according to any one of claims 1-6, wherein the substrate is
a material which is biocompatible with the mammalian body, preferably
selected from the group consisting of ceramics, stainless steel alloys,

titanium, titanium-alloy, tantalum and tantalum-alloy.

9. Method according to any one of the preceding claims, wherein the
polymer coating is covalently associated with at least part of the outer

surface of the substrate.

10. Method according to any one of the preceding claims, wherein the
polymer coating comprises a polyurea coating, preferably a hyperbranched

polyurea coating.

11. Method according to claim 10, wherein said hyperbranched polyurea

coating is obtained by

a) providing a surface, optionally comprising reactive hydroxyl groups,

and covalently grafting onto said (hydroxylated) surface a coupling agent;

b) polycondensation of AB2 monomers comprising a secondary amine as
A-group and blocked isocyanates as 3-groups to obtain a number average

molecular weight polyurea of at least 1500 Da; and

¢) contacting said low molecular weight polyurea with the surface
grafted with a coupling agent to covalently anchor the polyurea, and
continuing polycondensation by heating, optionally in the presence of AB2

monomers, to obtain a hyperbranched polyurea coating.

12. Method according to claim 11 , wherein said coupling agent is
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@)
HO H\I‘( N
D/\/ O
HO
N-(3,4-dihydroxyphenethyl)-2-oxoazepane-1-carboxamide
13. A coupling agent of the formula
O
HO H\”/ N
D/\/ o
HO

N-(3,4-dihydroxyphenethyl)-2-oxocazepane-1-carboxamide

14. The use of the coupling agent according to claim 13 in the interphase

region between an inorganic substrate and an organic substrate.

15. The use according to claim 14, in the interphase region between an
inorganic substrate selected from a glass, a metal, and a mineral substrate,
10 and an organic substrate selected from an organic polymer, a coating, and

an adhesive.

16. The use of the coupling agent according to claim 13, in the interphase
region between (1) a solid substrate, such as a glass, a metal, a polymer, or a
mineral substrate, and (i1) an antimicrobial coating, preferably an

15 antimicrobial coating comprising non-quaternized PEI.
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17. A method for providing a coupling agent of claim 13, comprising
reacting dopamine or a salt thereof with carbonyl biscaprolactam (CBC) in a

suitable solvent in the presence of a base.

18. Method according to claim 17, comprising reacting stoichiometric
amounts of CBC, dopamine hydrochloric acid salt and trimethylamine in a
polar solvent having a boiling point of 80°C or higher, preferably DMF, in a

nitrogen atmosphere.

19. A method of providing a solid substrate with a coating material,
preferably a polymer coating, more preferably an antimicrobial polymer
coating, comprising contacting at least part of the surface of the substrate
with a coupling agent according to claim 13 to form a chemical bond

between the solid surface and the coating material.

20. Method according to claim 19, wherein the solid substrate is a medical
device or implant, preferably selected from the group consisting of a

catheter, a prosthesis, an orthopedic implant and a cardiovascular implant.

21. A coated substrate obtainable by a method according to any one of

claims 1-12, 19 or 20.
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