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Since a long time, the bacterial contamination of surfaces, leading to biofilm formation, is a major problem in fields as
diverse as medical, food or cosmetics even with preventive hygiene protocols. In order to eliminate or reduce bacterial
colonization of surfaces and biofilm formation, many prophylactic strategies have emerged. Among them is the
elaboration of antifouling surfaces based on antiadhesive coatings such as polyethyleneglycol (PEG) or polysaccharide to
repel bacteria and prevent their initial adhesion on surfaces which is a prerequisite in the biofilm formation. Another
strategy is the covalent (or not) immobilization of antimicrobial compounds, e.g., antibiotics, quaternary ammonium or
silver, to design biocidal coatings able to kill bacteria by release (or not) of the active substances. In this strategy, natural
compounds and in particular antimicrobial peptides have appeared as promising candidates by limiting emergence of
multiresistant bacteria. This chapter reviews the state-of-the-art of antibacterial coatings developed for combatting
bacterial contamination.
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1. Introduction
Bacteria and other microorganisms are well known to be able to adhere to wet surfaces and to colonize them. These
contaminations of surfaces can lead to very important problems in various fields such as medical with rejection of
implants or chronic wounds [1,2], as food with alterations and poisoning of foodstuffs [3] or as cosmetics with
degradation of products and cutaneous problems of consumers [4].
In many cases, once adhered to a surface, microbial population creates a community with other cells, embedded in a
biopolymer matrix, called biofilm [5]. The biofilm formation process can be divided into five steps [6]. Briefly, this
process begins with an initial reversible attachment of microorganisms on a surface through weak forces such as Van
der Waals, followed by an irreversible attachment via for example appendages as pili. This first layer of bacteria allows
the colonization by other organisms and the production of exopolymers (exopolysaccharides, DNA, proteins…) which
contributes to the matrix formation. The fourth step is the biofilm maturation with bacterial growth and development of
the matrix, the consortium reaching its final form. The last step of biofilm formation process is the dispersion of some
microorganisms which recover their planktonic status and may re-colonize another surface.
Once under biofilm form, bacteria are drastically more resistant to antibiotics (up to 1000-fold), biocides and
hydrodynamic shear forces than their planktonic counterparts [7]. Due to this high resistance, eradication of biofilms
needs high concentrations of antimicrobials, causing severe environmental damages and multiresistance emergence.
Although some antibiofilm strategies have appeared [8] based on quorum sensing inhibitory or enzymes, prevention of
biofilm formation is clearly preferable to any treatment.
This prophylactic strategy is based on the elaboration of antibacterial surfaces [9]. Two main approaches are feasible
as shown in Fig. 1. One consists to reduce or inhibit bacterial adhesion through antiadhesive coatings able to repel
bacteria; the second one is to kill bacteria or to limit their growth by biocidal coatings. These two coating types will be
discussed in this chapter.

Unmodified surface

Antiadhesive coatings

Biocidal coatings

Fig. 1 Antibacterial coatings to prevent biofilm formation.
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2. Antiadhesive coatings
The adhesion of bacteria to surfaces is a prerequisite for the formation of biofilm [10]. Consequently, the elaboration of
antibiofouling surfaces is a logical strategy to fight against bacterial contaminations. Based on the physico-chemical
parameters of the surface, susceptible to modify the bacterial adhesion (e.g., topography, charge, wettability...), many
strategies have been proposed to develop these surfaces [11-14]. Some of them are based on physical modification of
the surface topography, consisting, for examples, to elaborate smooth or micro-structured surfaces. Another approach
consists to chemically modify the surface to create negatively charged or hydrophilic surfaces. One of these chemical
strategies is to immobilize hydrophilic polymers to form antiadhesive coatings. In this field, two main families of
polymers have been used, i.e., poly(ethylene glycol) (PEG) or its derivatives and polysaccharides.
2.1 Poly(ethylene glycol) coatings
PEG has been extensively used for antiadhesive coatings [15,16], due to its hydrophilicity and steric hindrance effects.
Moreover compared to other hydrophilic polymers, the PEG flexibility enhances its activity.
A lot of studied showed that the PEG molecular weight (MW) plays a key role in the repelling feature of PEG
coatings Thus, Dong et al. [17] modified polyethylene terephthalate (PET) surfaces by PEG with different molecular
weights , i.e., from 200 to 4600 g/mol. Surfaces were previously functionalized by silicon tetrachloride (SiCl4) plasma
to introduce reactive functions. Antiadhesive properties were tested against Salmonella enterica serovar typhimurium
and Listeria monocytogenes. All modified surfaces exhibited a lower ability to be colonized as compared with
unmodified PET.
Increasing the MW of PEG improved the antibiofilm activity, the best one being observed for PEG2000-grafted PET
(99.8% decrease). This observation was correlated with water contact angle measurements. Indeed, water contact angle
values of modified PET decreased with the MW increase confirming that antifouling properties of PEG are due to its
hydrophilic character. Same trend was observed for the inhibition of biofilm formation.
2.2 Polysaccharides coatings
Polysaccharides are natural polymers with intrinsic hydrophilic properties, which lead to highly hydrated layers. A lot
of polysaccharides have been studied [18-22], up to now. The most used is hyaluronic acid (HA) [23-25] a linear
polysaccharide consisting of alternating units of a repeating disaccharide, -1,4-D-glucuronic acid--1,3-N-acetyl-Dglucosamine. Thus, Morra et al. [23] have covalently bond HA to a PEI-Glass slide. They characterized the surface
modification by contact angle measurements and showed that it was hydrophilic. This coating reduced the adhesion of
Staphylococcus epidermidis and Escherichia coli by several orders of magnitude, compared to unmodified glass slide.
Authors observed same results for surfaces modified by alginic acid (AA).
Other polysaccharides such heparin (HP) [22,26] and dextran [19,27] have shown anti-fouling properties on bacteria
or proteins. For example, Shi et al. [27] grafted oxidized dextran on functionalized titanium surfaces via a first layer of
dopamine and demonstrated that S. epidermidis and S. aureus adhesion was reduced about 2-fold on new surfaces.
Recently, Gadenne et al. [28] have immobilized an ulvan which is a sulfated polysaccharide extracted from green
algae that invade and contaminate the Brittany coast. Polysaccharide was covalently immobilized, as described in Fig.
2, on titanium surfaces which had been previously functionalized by the aminoundecyltrimethoxysilane (AUTMS).
These modified surfaces were able to inhibit the initial adhesion of gram-positive (i.e., S. epidermidis) and gramnegative (i.e., P. aeruginosa) bacteria. Furthermore, the authors have demonstrated that such polysaccharide coatings
affect the spreading of bacteria and could limit the bacterial colonization for a long time.

Fig. 2 Scheme of ulvan immobilization on titanium surface (reproduced with permission from ref 28).

The high complexity of the process involved in the bacterial adhesion makes it very complicated to develop a
“universal” antiadhesive strategy able to completely inhibiting bacterial adhesion. The approach based on the
development of biocidal surfaces which act directly on bacterial integrity seems more attractive.
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3. Biocidal coatings
This strategy is based on the immobilization of compounds that have shown bacteriostatic or bactericidal activity in
solution [9] such as antibiotics, quaternary ammonium salt or silver ions [29]. To develop biocidal surfaces, two
immobilization approaches of antimicrobials on the surface are possible [30]. The covalent one has the advantage to
avoid the depletion of inhibitor material and to limit the potential risk of toxicity. The non-covalent immobilization,
associates an action mode by contact and by release of the inhibitor. The latter technique avoids the orientation
constraints of the molecule during its immobilization. However the continuous release of the inhibitor is a major
drawback and may promote the emergence of multiresistant bacteria.
3.1 Non covalent immobilization
To elaborate leaching coatings one strategy consists to incorporate the antimicrobial agents into the bulk. Thus, van de
Belt et al. [31] have mixed methylmethacrylate powder with a gentamicin solution (a well-known antibiotic) to produce
loaded bone cements. S. aureus biofilm formation on modified bone cements was compared to that on unloaded
cements. All modified bone cement exhibited an antibiofilm activity but with different “window-of-effectiveness”.
Furthermore, no correlation between gentamicin release and surface properties, e.g., roughness, was observed.
Another strategy to form biocidal surfaces is to entrap antibacterial agents in polyelectrolyte multilayers (PEMs).
This approach consists to deposit successive layers of polycations and polyanions onto surfaces. Zan et al. [32] have
used this PEMs method to functionalize quartz and silicon wafers and to then immobilize silver ions into a coating
composed of poly(styrene sulfonate) (PSS) and poly(diallyldimethylammonium chloride) (PDDA). Silver ions were
incorporated into PEMs by an ion-exchange process between sodium chloride used as couterion and silver nitrate. Then
Silver ions were here reduced in silver nanoparticles.
The antibacterial activity of PEMs enriched with silver ions or nanoparticles, was evaluated against E. coli by the
Kirby-Bauer method. Polyelectrolyte films with silver ions exhibited a higher antibacterial activity than those with
silver nanoparticles in short times (i.e., between 1 and 3 days). For longer times, however, a decrease of the activity of
films containing silver ions was observed.
3.2 Covalent immobilization
As mentioned above, in the case of covalent immobilization, orientation but also density and flexibility of the active
substances are key factors for the antimicrobial activity of the modified surfaces.
Self-assembled monolayers (SAMs) which allow the formation of a well ordered monolayer bound to the surface is a
versatile tool to incorporate reactive functions. Mutin et al. [33-34] modified titanium and stainless steel surfaces
through this method. Phosphonate functions reacted first with titanium to create a SAM and then terminal functions of
phosphonates (e.g., amine or thiol) were used to graft suitable compounds such as quaternary ammonium or silver ions.
These new surfaces exhibited an antimicrobial activity. Thus, surfaces modified with silver ions induced a reduction of
the bacterial adhesion of S. aureus, S. epidermidis and P. aeruginosa, by 4- to 5-log compared to unmodified titanium.
An alternative is to synthesize biocidal compounds possessing, at one extremity, a function able to react directly with
the surface. By using this approach, Thebault et al. [35] have synthesized various quaternary ammonium salts with a
thiol function in the aim to modify in one-step gold surfaces.
Another strategy is to immobilize antimicrobial polymers such as polyammonium or chitosan. Tiller et al. [36] have
modified various plastic materials, e.g., high and low density polyethylene (HDPE and LDPE respectively),
polypropylene and poly(ethylene terephthalate) by grafting poly(vinyl-N-pyridium bromide) on their surface. All these
materials were able to kill bacteria (i.e., S. aureus and Escherichia coli) between 97 to 99%. But, as shown in Fig. 3, an
increase of adhered bacteria was observed on modified surfaces compared to the control, when low density of pyridium
group was used. This result pointed out that positive charges of pyridium groups enhanced bacterial adhesion and that
high density of pyridium (or ammonium) groups was necessary to lead to an antibacterial surface.
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Fig. 3 Killing efficiency of hexyl-PVP
derivatized HDPE toward airborne (•) or
waterborne (O) S. aureus cells deposited
on the modified polymer surface as a
function of the surface density of the
pyridinium groups (reproduced with
permission from ref 36).

Whether by non-covalent or covalent immobilization of so called “classical antibacterial substances”, the resulting
surfaces present some drawbacks such as potential toxicity, not satisfactory efficiency or a bacterial resistance.
Consequently, new families of active compounds need to be developed. Based on the nature, which has been fighting
against bacterial proliferation over millions of years, bio-inspired strategies have recently emerge [37], some of them
using natural molecules, e.g. essential oils or antimicrobial peptides (AMPs). These latter have attracted particular
attention in the recent years [38,39].
3.3 Antimicrobial peptides coatings
AMPs are part of the innate immune systems of the most living organisms. They have a broad range of antimicrobial
activity, act at very low concentration and do not promote bacterial resistance. AMPs could be immobilized by both
non-covalent and covalent strategies depending on the potential application of such modification.
In the case of releasing coatings, entrapment of AMPs in PEMs was the most used strategy [40]. To overcome the
main drawback of this approach, i.e., the control of peptides release, Guyomard et al. [41] modified an anionic
polysaccharide (pullulan) by incorporating hydrophobic alkyl chains. These hydrophobic nanodomains allowed the
immobilization of gramicidin A, a highly hydrophobic peptides within PEMs composed of poly(L-lysine) and
carboxymethylpullulan layers. The modified surfaces exhibited a biocidal activity against Enterococcus faecalis.
To covalently immobilized peptides on surfaces, Humblot et al. [42] used functionalized SAMs. Magainin I was
immobilized on carboxylated gold surfaces by the formation of an amide bond via carbodiimide chemistry. These
surfaces exhibited an antibacterial activity against Gram-positive bacteria, e.g., Listeria ivanovii, through membrane
permeabilization as suggested by viability microscopy analysis (Fig. 4). Furthermore, no release of the peptide in the
surrounding solution was observed and the antibacterial activity persisted for up to six months.
Fig. 4
Viability of Listeria
ivanovii,
stained
with
LIVE/DEAD®
Bacterial
Viability Kit, attached to a:
functionalized gold surface and
b: functionalized gold surface
modified by magainin I observed
by
confocal
microscopy
(reproduced with permission
from ref 42).
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Even if biocidal coatings have shown interesting activity, none of them has led to a total inhibition of the biofilm
formation, however. It is the reason why combinations of both antiadhesive and biocidal coatings have been proposed.

4. Antiadhesive and biocidal coatings
These coatings are based on two antagonist action modes, i.e., the repulsion and attraction of bacteria. However, a
synergic effect is possible by a control of the two phenomena.
Thus, Glinel et al. [43] have conjugated repelling properties of PEG with biocidal characteristic of AMPs. They used
surface-initiated atom transfer radical polymerization to create, on silicon wafers, copolymer brushes based on
oligo(ethylene glycol) methacrylates. This method consists in polymer growth directly from the surface. It allows the
elaboration of a well-controlled polymers layer under a brush form. Magainin I was then covalently attached on
polymer brushes via a maleimide thiol reaction as shown in Fig. 5.

Fig. 5 Oriented grafting of magainin I
modified by cysteine derivative on
poly(MOE2MA-co-HOEGMA) brushes
via a PMPI heterolinker (reproduced
with permission from ref 43).

The authors showed that grafted magainin I retained its activity against various Gram-positive and Gram-negative
bacteria such as L. ivanovii and P. aeruginosa. Aggregates of dead bacteria were only observed on modified brushes by
confocal fluorescence microscopy on modified surfaces, demonstrating the death of bacteria in contact with the AMP.
Based on the same principle, Laloyaux et al. [44] immobilized AMPs on thermo-responsive copolymer brushes. These
brushes demonstrated a collapse temperature around 35°C. Consequently, the magainin-modified brushes exhibited a
bactericidal activity below 35°C and an antiadhesive activity above this collapse temperature.
Another strategy is to use PEMs of chitosan a biocidal cationic polysaccharide, or its derivatives, with anionic
hydrophilic (so antiadhesive) polysaccharides e.g., HA, HP, alginate or -carrageeenan [45-48]. Thus, Bratskaya et al.
[48] compared the antibacterial activity against E. faecalis between chitosan layer covalently grafted on glass, and
PEMs constituted of chitosan and -carrageeenan. PEMs exhibited higher antiadhesive activity than the chitosan layer
due to electrostatic repulsion between negative charges of -carrageeenan. However, biocidal activity of PEMs coating
was significantly lower than that of covalently grafted Chitosan.

5. Conclusion
Owing the high resistance of sessile bacteria against antimicrobials, prevention of biofilm formation seems more
efficient than the eradication. It is the reason why antibacterial coatings have been extensively developed, through
antiadhesive or biocidal coatings. To elaborate antibacterial surfaces, covalent immobilization or release of active
substances have been used, depending on the potential application. However, the emergence of multiresistant bacteria,
the restriction of some compounds by new norms (in the biomedical or cosmetic fields for example) has led to the
research of innovative approaches. In this context, bio-inspired coatings and especially coatings based on AMPs have
shown interesting results.
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Yet, a new generation of antimicrobial surfaces called “smart antimicrobial surfaces” constitutes a promising way.
Based on the response to a stimulus, e.g., the temperature, the pH or an enzymatic degradation, these surfaces allow a
better control of the biocidal activity and might limit the emergence of multiresistant bacteria.
It is however a long way to obtain the perfect coating. Indeed, most studies are only based on in vitro experiments
which are not always consistent with in vivo reality and most often the antibacterial property is not the unique property
which is looked for.
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