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Abstract: The risk of bacterial colonization of abiotic surfaces of biomedical devices poses important challenges
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for the pharmaceutical and biomaterials science fields. In this scenario, antibacterial coatings have been devel-
oped, using a number of different molecules and materials. Among them, chitosan is a non-cytotoxic, biocom-

patible biopolymer with an inherent antimicrobial activity that has been already used in a wide variety of
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healthcare and industrial applications. Herein, chitosan-based antibacterial coatings are critically surveyed, with a

special emphasis on their production methods, pharmaceutical and biomedical applications, along with their pros

DOI: and cons, and finally highlighting the key challenges to be faced and future perspectives in this field.
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1. INTRODUCTION

Bacterial contamination of material surfaces represents an ex-
tremely serious issue in biomedical device development owing to
the associated health, social and economic expenses [1]. In this
context, antibacterial coatings are an increasingly studied area of
research. The tremendous progress in material design and process-
ing, and surface modification techniques have in fact prompted the
development of surfaces that are able to prevent bacterial adhesion
and proliferation and eventually biofilm formation, thus minimizing
the risks of biomedical device-related infections.

Several strategies for the design of antibacterial coatings have
been reported, such as antimicrobial agent release, contact-killing
and adhesion resistance/bacteria-repelling [2], each aiming to over-
come the limitations of the customary administration of antibiotics.

Chitosan (Fig. 1) is a natural-derived polymer (i.e., a bio-
polymer) with acknowledged antimicrobial properties that, due to
its many favorable biological properties, such as high biocompati-
bility, low immunogenicity and allergenicity, ease of processing,
represents a very attractive material for the development of surface
coatings with inherent antibacterial activity and that can be further
loaded with other, more selective antimicrobials [3].

Up to now a plethora of applications in the biomedical field has
been proposed for chitosan-based antibacterial coatings, ranging
from wound healing [4] to intraocular lenses [5], from dental im-
plants to orthopedic prostheses [6--15], from sutures [16] to cathe-
ters [17].

This survey aims to review the most striking developments in
chitosan-based antibacterial surface coatings for pharmaceutical

*Address correspondence to this author at the Department of Mining, Metal-
lurgical and Materials Engineering, Faculty of Science and Engineering,
Laval University, Pavillon Pouliot, room 1745-E, G1V 0A6, Quebec City
(QQC), Canada; Tel/Fax: +1-418-656-2131 ext. 6270, +1-418-656-5343;
E-mail: Diego.Mantovani@gmn.ulaval.ca

1381-6128/18 $58.00+.00

0
OH H30—/\/
3 NH
{o o HO 5/
HO o) o 100-DDA
NH,~ppA $
OH

D-glucosamine N-acetyl-D-glucosamine
Fig. (1). Chemical structure of chitosan and denomination of carbon posi-
tion (C1-C6). The N-acetyl-D-glucosamine and D=-glucosamine units are

indicated; DDA indicates the deacetylation degree.

and biomedical applications. After pointing out in brief the issue of
microbial contamination of abiotic surfaces and the main strategies
adopted for the development of antibacterial coatings, the foremost
properties, and applications of chitosan and chitosan derivatives
will be thoroughly described. Finally, the techniques developed for
the production of chitosan-based antibacterial coatings will be re-
viewed and critically discussed.

2. BACTERIAL CONTAMINATION: A CHALLENGE FOR
THE BIOMEDICAL FIELD

In this section, we will discuss the concerns related to bacterial
contamination relevant to the biomedical field. The main mecha-
nisms of bacterial colonization on material surfaces and the several
factors related to this phenomenon will be described, and the socio-
economic impact of healthcare-associated infections (HCAIs) ex-
amined.

2.1. Some Basics on Bacteria

Human body is host to trillions of microbes ordinarily establish-
ing beneficial relations. In fact, a physiologically stable equilibrium
exists between tissues/organs and guest microorganisms, such as
the resident intestinal and oral flora, the skin bacteria, etc. [18--20].

© 2018 Bentham Science Publishers
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There are two common ways to classify bacteria based on phe-
notypic features (Fig. 2). The first one relies on their shape, which
depends on the types of cytoskeletal proteins and their organization:
bacteria can be spherical (cocci, e.g., Staphylococcus aureus), cy-
lindrical (bacilli, e.g., Escherichia coli), spiral-shaped (spirilla, e.g.,
Spirillum volutans), and comma-shaped (vibrio, e.g., Vibrio chol-
era).
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Fig. (2). Representation of bacteria classification by shape (spherical cocci,
cylindrical bacilli, spiral-shaped spirilla and comma-shaped vibrio).
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Besides, based on the cell wall composition and structure, bac-
teria can be categorized as Gram-positive and Gram-negative.
Gram-positive bacteria, such as Staphylococcus aureus, have an
outer cell wall composed of several thick layers of peptidoglycans.
Gram-negative bacteria, such as Pseudomonas aeruginosa and
Escherichia coli, present a more complex cell wall composed of a
single thin layer of peptidoglycans sandwiched between the inner
(cytoplasmic) cell membrane and an outer membrane rich in
lipopolysaccharides (LPS) and lipoproteins [21].

Bacteria can exist as planktonic cells (i.e., isolated, free-floating
cells) or sessile aggregates (i.e., attached to a surface or living
within a biofilm). Planktonic cells are responsible for the rapid
proliferation and spread of microorganisms to new sites, while ses-
sile cells characterize localized bacterial colonization and are often
related to chronic pathological conditions [22, 23]. Worthy of note
is the ability of bacteria to switch back and forth between these two
states.

2.2. Mechanism of Bacterial Colonization of Surfaces

In general, the bacterial colonization process of a surface begins
with the reversible adhesion of planktonic bacteria on the surface
(Fig. 3).

Bacteria approach surface through Brownian motion or in di-
rected mode, by means of flagella, the lash-like appendages of lo-
comotion. When the microorganism and the surface reach a critical
proximity (in the range of =~ 1 nm), its adhesion depends on the
balance of attractive and repulsive forces between their surfaces. At
this stage, non-specific physicochemical interactions are involved,
including hydrogen bonds, electrostatic, van der Waals and hydro-
phobic interactions. On the other hand, adhesins, unique proteins
present on the bacterial surface, mediate the adhesion to the sub-
strate [22, 24, 25]. When the bacterial density increases, by prolif-
eration or recruitment of other cells, the quorum sensing process
stimulates the proliferation and the exopolysaccharide matrix (EPS
or slime) production, leading to the formation of the biofilm
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Fig. (3). The model of stages of bacterial colonization surfaces. The process
begins through (A) physicochemical, non-specific and labile interactions
followed by (B) stable attachment to the surface mediated by adhesins. (C)
The bacteria density increases and (D) the colony produces an exopolysac-
charide matrix (EPS) finally forming the biofilm. When the environment is
no more favorable, (E) bacteria detach to colonize new sites.

(Fig. 3). The biofilm is a viscous layer, forming mushroom-like
structures, composed of a variable fraction of 5-35% of bacteria, of
the total biofilm volume, surrounded by EPS, permeated by water
channels for delivery of nutrients, and removal of metabolites. This
structure constitutes a protected mode of growth for bacteria popu-
lations, allowing their survival in hostile environments [22, 26, 27].
Finally, in certain conditions, such as when the environment is no
more favorable or because of a cellular programming for virulence,
the detachment of planktonic cells or cell groups bound by the EPS
occurs. This phenomenon leads to biofilm spreading and to the
colonization of new sites [22, 26--28].

When considering devices implanted into the body, the interac-
tions and reversible/stable adhesion between bacteria and the abi-
otic surface may be influenced by the implantation site. In fact,
several molecules present in physiological fluids such as proteins
(e.g., albumin, immunoglobulins (Ig), fibrinogen, fibronectin, etc.),
proteoglycans, polysaccharides and lipids interact nonspecifically
with the surface through electrostatic, Van der Waals and hydro-
phobic forces leading to reversible adsorption on the material and to
the formation of the so-called conditioning film that modifies the
physicochemical properties of the surface and thus possibly affect-
ing bacterial adhesion and the following colonization process [22,
29--31]. The bacterial adhesion and biofilm formation on a material
surface is a complex phenomenon, being influenced by three main
factors: the characteristics of the bacteria strain, the physical,
chemical and biological properties of the microenvironment, and
the type of substrate, and each one of these factors is strictly related
to many sub-parameters [30, 32, 33], as summarized in Fig. 4.

Once formed, biofilms are often resistant to the popular clean-
ing methods, sterilization as well as to antibiotics. These features
make them very difficult to eradicate and, when associated with
implanted biomedical devices, they can cause severe health prob-
lems [1].

2.3. Bacterial Contamination: A Socio-economic Problem

Despite the considerable progress in the treatment of microbial
infections, in fact, bacterial contaminations in healthcare environ-
ments can cause serious health concerns and this is particularly
relevant when considering the surface of a biomedical device that
must be implanted or used in direct contact with body tissues [34--
36].

In healthcare environments, pathogenic bacteria usually arise
from an infected host or directly from the environment, through
common vehicles, such as contaminated air or water (Fig. 5). In this
regard, the contamination of biomedical devices and surgical tools
is considered a major issue in medical interventions [1, 32, 36, 37].

HCALIs are non pre-existential infections developed after a pa-

tient is exposed to healthcare facilities or biomedical devices con-
taminated by pathogenic microorganisms. HCAIs are considered as



Antibacterial Coatings Based on Chitosan for Pharmaceutical and Biomedical Applications

BACTERIUM
Hydrophobicity
Strains

Susceptibility
to antibiotics EPS

pH
Hydrophobicity
Ses Blood flow )
Oxygen Porosity Chatied
roups
Antibiotics Time group:
Temperature Roughness
3 Surface
Protein/platelet/cell . i
adhesion P
ENVIRONMENT SURFACE

Fig. (4). Parameters and sub-parameters related to bacterial adhesion and
biofilm formation on a biomedical device.

very serious safety threats in healthcare today because of their high
incidence and of their related social and economic expenses.

In fact, HCAIs can dramatically prolong the hospitalization
period, affect patients after discharge and, the most important, when
associated with surgical interventions and to the use of invasive
biomedical devices they can lead to implant failure and reinterven-
tion, and if not properly treated, even to death.

It is estimated that, worldwide, HCAIs will be responsible for
10 million deaths in 2050 [38]. Currently, in the USA alone, the
contamination caused by microorganisms is responsible for around
722, 000 HCALISs, resulting in nearly 75, 000 deaths, and the associ-
ated yearly costs are estimated between $4.5 and $11 billion. In
Canada, every year 220, 000 people develop HCAIs, 8, 000-12, 000
patients die and more than $1 billion is spent. The estimated inci-
dence in Europe is 4.1 million affected patients yearly, with a bur-
den of 37, 000 direct deaths and 117, 000 indirectly related deaths
each year. The situation is much worse in Latin American and Afri-
can countries due to poor infrastructures and inadequate hygiene
conditions [2, 39, 40].
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Fig. (5). Routes of the bacterial contamination spread in healthcare envi-
ronments. The contamination can be spread by infected patients, visitors,
and healthcare workers, through contaminated surfaces or air.

Another serious problem related to HCAISs is the increased and
widespread antibiotic resistance of microorganisms. HCAIs caused
by methicillin-resistant Staphylococcus aureus (MRSA), vancomy-
cin-resistant Enterococcus (VRE), and Clostridium difficile are
becoming progressively more contagious and hard-to-treat [41].
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In order to minimize the cases of HCAI, hand washing is the
main strategy that is applied by healthcare employers worldwide.
Although this is crucial to control and to prevent infections, it does
not avoid the problem of cross-contamination. For example, an
employee that has cleaned his hands can contaminate a patient after
touching a contaminated surface.

In addition, regular surface cleaning and hygiene procedures in
hospitals remain less effective when a bacterial biofilm is already
formed. Therefore, the prevention of surface bacterial contamina-
tion is a great challenge in the biomedical field [34], particularly
relevant when considering implantable biomedical devices [42] as
evidenced by Tab. 1 that shows a general retrospect about bacterial
infection incidence connected to some of the most commonly em-
ployed biomedical devices.

On this ground, the development of inherently antibacterial
surfaces is a very promising approach to prevent HCAIs. The prac-
tical strategies proposed by investigators to this purpose are de-
scribed in the section herein below.

3. ANTIBACTERIAL SURFACES: STRATEGIES AND DE-
SIGNS

As mentioned in Section 2, once formed on the surface of mate-
rials, biofilms are very difficult to strip out. The development of
effective antibacterial surfaces has thus become a major challenge
in biomaterial design and antibacterial coatings have become a very
active field of research, strongly stimulated by the increasing ur-
gency of identifying viable alternatives to the prophylactic admini-
stration of antibiotics [2].

An extensive literature survey points out three main strategies
for the development of antibacterial surfaces, each of them with
some pros and cons (Table 2), that are antibacterial agent release,
contact-killing, and adhesion resistance/bacteria-repelling.

Such lines of research that aim to enhance the antimicrobial
properties of a surface can be implemented individually or
synergistically [2, 18, 21, 35, 43, 44]. However, regardless of the
strategy and surface design, common features for antibacterial
surfaces are required, such as biocompatibility, non-cytotoxicity,
and reproducible production methods [44].
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Fig. (6). Agent release strategy for the development of antibacterial sur-
faces.

3.1. Antibacterial Agent Release

Antimicrobial agents such as metal ions, peptides, and antibiot-
ics can be incorporated within and/or grafted on the surface of bio-
materials to provide them with antimicrobial properties [56]. The
material composition should favor the release of these compounds
in a controlled fashion allowing antimicrobials to kill both adherent
and adjacent planktonic bacteria with a long-lasting effect (Fig. 6)
[18, 44, 43].

The release of incorporated antibacterial agents can be achieved
by simple diffusion from the implantation site to the surrounding
aqueous medium, by material degradation, or hydrolysis of covalent
bonds [2, 44].

This general approach has some drawbacks (Table 2). Indeed,
as it is difficult to predict the type and number of infecting bacteria
at the implantation site, the load and the selection of the appropriate
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Table 1. Most common device-related pathogens and infection incidence.
Device Infection agent Infection incidence Reference
Breast implants S. aureus, CONS*, S. pyogenes, Propionibacterium spp. 0.8-1.7% [45]
Cardiac pacemakers S. aureus, CoNS, Streptococcus spp, Candida spp. 0.1-7% [46]
Central venous catheter CoNS, S. aureus, Enterococcus spp., Candida spp., K. pneumoniae 2-10% [47]
Cochlear implants S. aureus, P. aeruginosa, H. influenzae, Streptococcus spp. 1.7-3.3% [48]
Contact lenses S. aureus, P. aeruginosa, Bacillus species 0.3-5.2% [49]
Coronary stents S. aureus, CoNS, P. aeruginosa, Candida spp. 0.4% [50,51]
Dental implants Streptococcus spp., Actinomyces spp., Porphyromonas spp., Prevotella spp. 5-10% [22, 30]
Fracture fixation devices | S. aureus, CoNS, Propionibacterium spp., Streptococcus spp., Corynebacterium spp. 5-10% [22]
Hip/knee implants S. aureus, CoNS, Streptococcus spp., Enterobacteriaceae 0.5-4% [22,47]
Intraocular lenses S. epidermidis 0.01-0.3% [52]
Mechanical heart valve S. aureus, CoNS, Streptococcus spp., Enterococcus spp. 1-3% [22]
Penile implants Staphylococcus spp., Pseudomonas spp., CONS, Enterobacter spp. 1-3% [47]
Sutures S. aureus, P. aeruginosa, S. epidermidis, CONS 2-5% [53, 54]
Urinary catheter E. coli, Enterococcus spp 10-30% [55]

* CoNS coagulase-negative staphylococi

antimicrobial agent is challenging. The load may be too low to
allow it to diffuse to the surroundings at the effective concentration,
thus failing in its proper function.

If the agent is an antibiotic, it can face the problem of the host
developing sensitivity to it and it can be inefficient toward antibi-
otic-resistant bacteria [57]. Furthermore, the lifetime of the antibac-
terial activity is limited by the antimicrobial agent reservoir (Table
2).
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Fig. (7). Contact-killing strategy for the development of antibacterial sur-
faces.

3.2. Contact-Killing

The contact-killing approach aims to eliminate or, at least, to
blunt the proliferation of microorganisms adhering to the material
surface via the covalent tethering of antimicrobials through polym-
eric spacers (Fig. 7) [18, 21, 35, 44] that permit the penetration of
the biocides into the cell wall [58, 59] and consequently lead to
bacterial death.

Due to the net negative surface charge that bacteria typically
display [60], the most effective compounds for contact-killing coat-
ings are cationic chemicals (quaternary ammonium compounds,
chitosan, antimicrobial cationic peptides, etc.) or enzymes, such as
lysozyme and other proteases [2, 61].

Differently from the antibacterial release, in the contact-killing
approach, the antimicrobial agent does not exhaust its effect over
time, retaining its activity for a long time. However, its range of
action is restricted to the area of the device that has been tethered
and, when in contact with biological fluids, nonspecific protein
adsorption (fouling) impairs contact-killing activity (Table 2).

3.3. Adhesion Resistance/Bacteria-repelling

Anti-adhesive surfaces aim to avoid the early attachment of
microorganisms to the material, thus finally preventing the forma-
tion of stable biofilms [18, 35, 44, 62], by means of different sur-
face modification strategies (Fig. 8).

One of the approaches is to functionalize surfaces with mole-
cules that can resist protein adsorption, such as polyethylene glycol
(PEG) and zwitterions, or with superhydrophobic coatings (e.g.,
chitosan-based hydrophobic nanoparticles) [63], that demonstrated
important anti-adhesion properties.

Even though stability concerns are often raised, these are gener-
ally considered as the standard approaches for the production of
bacteria-repelling coatings. Despite evidence of the efficiency of
the modified surface to prevent or limit bacterial adhesion, the main
problem is related to the inability of such coatings to kill bacteria if
the adhesion has already taken place (Table 2) [22].

Among the different design strategies developed for the produc-
tion of antibacterial surfaces for biomedical applications, chitosan-
based coatings represent a versatile, safe and promising approach
due to the ease of processability and functionalization of chitosan,
its inherent antibacterial activity and to its many other favorable
properties.

In the following sections, after summarizing the main physico-
chemical and biological properties, and the many applications of
chitosan and its derivatives, the techniques developed for the pro-
duction of antibacterial chitosan coatings are reviewed in detail,
with special emphasis on their advantages, drawbacks and on their
range of pharmaceutical and biomedical applications.
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Table 2. Main advantages and disadvantages of the three
strategies for the development of antibacterial sur-

faces.
Strategy Advantages Disadvantages
Extensive action, possi- Effect of bacterial inhibi-
bility to deliver a high tion temporary limited
amount of antibacterial by the reserve of antibac-
Antibacterial agent terial agents

agent release

Localized action, without
exceeding systemic toxic-
ity limits

Possible toxicity of the
biocidal agent

Possible induction of
bacterial resistance

Action restricted to the
area of the modified

Contact- Potential long-term func- surface
killing tionality Loss of activity in con-
tact with body fluids due
to protein fouling
) Non-cytotoxic mecha-
Adhe‘smn nisms Action restricted to the
resis- . .
. Bacterial colonization functionalized surface
tance/bacteria o
. prevented at the first step No bacterial killing
-repelling

of contamination

4. CHITOSAN: A PECULIAR ECLECTIC MATERIAL

Due to its chemical structure, especially to the presence of
amino groups in its saccharide chain, chitosan is a versatile bio-
polymer very interesting for many biomedical applications. In this
section, the sources of chitosan, the production process, its physico-
chemical and biological properties are described, with a special
focus on the biomedical and pharmaceutical fields.
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Fig. (8). Adhesion resistance/bacteria-repelling strategy for the development
of antibacterial surfaces.

4.1. History, Source, and Production

Chitosan is a semi-natural polymer derived from chitin, the
second most abundant natural polymer after cellulose and, exclud-
ing proteins, the natural compound with the largest nitrogen content
[64]. Historically, chitin and chitosan appeared for the first time in
the world research context in 1811 with H. Branconnot. This
French professor treated mushrooms with an alkali solution and
obtained a white fibroid residue that he called fungine. Branconnot
believed that this material was a cellulose derivative [65, 66]. In
1823, A. Odier obtained a similar substance from the elytra of bee-
tles and called it “chitin”, based on Greek etymology, which means
“A Coat Of Mail”. In 1843, J.L. Lassaigne demonstrated that chitin
composition displays nitrogen, in contrast with cellulose. In 1859,
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C. Rouget boiled chitin in a concentrated alkali solution and ren-
dered it soluble in organic acids. This chitin derivative was named
“chitosan” only in 1894 by Hoppe-Seyler [65, 67]. However, it was
only in the 1950°s that the chemical structure of chitosan, featuring
deacetylated residues, was defined.

The chitosan sources, which depend on the chitin source, are
various and are summarized in Table 3.

Table3. Sources and content of chitin in the nature.
Chitin Chitin Micro- Chitin
Sea animals Arthropods
% % organisms %
Annelida Scorpions Green algae
Archiannelida | 20-38 Locusts
Chaetopoda Brown algae
Hirudinea Flies
Mollusca Spiders Yeast (f-type)
Polyplacophora Butterflies Chytridiaceae
Gastropoda 3-26
Beetles Ascomydes
Scaphopoda
Cephalopoda Mosquitos 20-60 | Blastocladiaceae | trace-45
Cnidaria Fungi
Hydrozoa 330 Silkworm Ascomycetes
Scyphozoa chrysalis Basidiomycetes
Anthozoa Phycomycetes
Crustaceans Ants
Mycelia penicil-
Lobster, crab, 58-85 lium
. K Cockroaches
shrimp, krill

They are mainly divided into the following categories: sea ani-
mals, arthropods, algae, and fungi. Indeed, chitin is found in the cell
wall of fungi belonging to Zygomycetes, in the green algae Chlo-
rella Spirulina, in yeast, in radulae of mollusks as well as in exo-
skeleton of arthropods [68, 69]. Nowadays, the main commercial
production of chitosan, 10°-10™ tons per year, is based on crusta-
cean shells, due to their high content and ready availability. Chito-
san market size was valued over $1.52 billion in 2015 and is fore-
cast to experience gains exceeding 16% compound average growth
rate between 2016 and 2024.

The industry frequently uses as raw material crustacean shell
wastes, coming from byproducts of the seafood industries. Thus,
this process is ecological-friendly and economically viable. The
chitosan fabrication process used is a multi-step procedure:

- Chitin extraction: chitin is bound to proteins and mineral salts,
thus, to recover the polysaccharides, a deproteinization step
with alkali treatment at high temperature, and a demineraliza-
tion step, in diluted chloride acid solution, are first performed.

- Bleaching process: to remove coloration from pigments pre-
sent in the isolated chitin, oxidizing agents such as KMnOy,
H,0, and hypochlorite solution or solvent extraction are car-
ried out.

- Deacetylation: the common procedure is the addition of so-
dium hydroxide solution at 40-50% (w/v in water), under stir-
ring at high temperature ranging from 80 to 150°C for several
hours.
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- Neutralization and purification: the previous basic solution is
neutralized, and then chitosan purification is performed by
solvatation/precipitation and filtration.

However, the properties of obtained chitosan in terms of purity,
viscosity, degree of deacetylation, molecular weight (Mw) and
polymorphous structure vary considerably with the process parame-
ters such as temperature, reaction time, products used for depro-
teinization, demineralization, neutralization, and the purification
steps.

4.2. Physicochemical Properties of Chitosan

The presence of primary amino groups in the chitosan structure
differentiates it from chitin and gives to this polymer many peculiar
properties. At acidic pH, chitosan is a polycation with a linear chain
consisting of N-acetyl-D-glucosamine and D-glucosamine units
linked by B (1—4) glycosidic bonds (Fig. 1).

Depending on the source and on the chitin extraction process, it
is possible to produce chitosan with different ratios of D-
glucosamine units over the total number of units per chain [70].
This ratio is called degree of deacetylation (DDA) that is usually
between 60 and 95%. The Mw, instead, can range from five to 8,
000 kDa, meaning from oligomers to very high Mw polymers.
These two chemical properties are key parameters, influencing the
distribution and amount of protonated amine moieties (-NH;") in
the chitosan chain. Indeed, N-acetyl-D-glucosamine units affect the
intrinsic viscosity and solubility of chitosan in aqueous solutions,
and influence also the biodegradability and biocompatibility behav-
iors, the antibacterial activity, and many other properties, as sum-
marized in Table 4 [70--72].

Table 4. Relationships between chitosan structural parameters
(DDA and Mw) and its properties.

Structural features
Property
DDA Mw
Physicochemical

Solubility Increase Decrease
Viscosity Increase Increase
Crystallinity Increase Decrease

Biological
Biodegradability Increase Increase
Biocompatibility Increase Increase
Antimicrobial Increase Decrease

The crystallinity of chitosan is another key parameter that influ-
ences the biodegradability and its biological properties [73]. Higher
DDA leads to greater crystallinity, which reaches the maximum
when chitosan is fully deacetylated. On the other hand, crystallinity
increases while decreasing the Mw [74].

A large number of analytical tools have been used to quantify
these important structural features. The DDA can be evaluated by
different spectroscopic techniques such as FTIR, UV, NMR, but
also by conventional titration methods, equilibrium dye adsorption,
elemental analysis, acid degradation coupling with HPLC, and
thermal analysis. The Mw and its distribution are usually assessed
by light scattering spectrophotometry, gel permeation chromatogra-
phy and viscosimetry [64, 75--77].

Chitosan is poorly soluble/insoluble in (neutral) water, in alka-
line medium and even in organic solvents. The pH-dependent solu-
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bility of chitosan relies on its amino groups, which become proto-
nated upon dissolution at pH < 6.5 (pKa~6.3) to form cationic
amino moieties, increasing intermolecular electric repulsion and
resulting in a soluble polycation [70, 76, 78, 79]. Chitosan forms
viscous solutions with pseudoplastic and viscoelastic properties,
which are affected by DDA, Mw, concentration, type of solvent,
pH, ionic strength, and temperature [71, 76, 80].

4.3 Biological Properties of Chitosan

Biocompatibility and biodegradability are important properties
for applications in the pharmaceutical and biomaterial fields. In a
general way, biomaterials produced with chitosan are well tolerated
by living tissues, including skin, ocular membranes, bones as well
as the nasal epithelium, and this is an important feature for a wide
range of biomedical applications such as tissue engineering (e.g.,
bone, cartilage, cardiac, nerve, etc.), wound healing, and delivery
systems (e.g., drug, proteins, peptides, antibiotics, etc.). In vivo
toxicity studies, with chitosan, demonstrated its safety profile in
terms of inertness and low toxicity for mammalian cells [81]. How-
ever, the purity degree of chitosan and its origin should be carefully
checked as they may have some dramatic toxic effects (residual
byproducts from the extraction procedure and traces of proteins
from seafood) [71].

Chitosan has been reported as highly biodegradable because the
break of glycosidic bonds can be easily achieved through a chemi-
cal or an enzymatic hydrolysis. This characteristic is crucial for
drug delivery systems and tissue regeneration applications [82].
Chemical biodegradation refers to chitosan hydrolysis in acidic
gastric milieu [83--85], whereas the enzymatic hydrolysis occurs by
means of some enzymes such as lysozyme, which is found in mu-
cosal surfaces, and chitinases, which is produced by the intestinal
flora. The biodegradation of chitosan induces its depolymerization,
and this, in turn, leads to the production of non-toxic oligosaccha-
rides. This process is of key importance in regard to biomedical
applications as such short oligosaccharides can be easily processed
by regular metabolic pathways or excreted by renal clearance due to
their size [84]. The chitosan biodegradation is related to its crystal-
linity degree, Mw and DDA: when chitosan crystallinity decreases,
its biodegradation rate increases [69, 86]. Besides, it can be as-
sumed that smaller chitosan chains will be more rapidly degraded
than chitosan with higher Mw [69].

Interestingly, chitosan displays useful mucoadhesive properties
which are directly related to the DDA. Indeed, free amines from
chitosan interact with the mucoadhesive membranes, made of a
negatively charged glycoprotein called mucin [69, 87]. Therefore,
the higher the DDA of chitosan, the greater the number of cationic
charges carried, the stronger the interaction with anionic mucous
membranes [88]. The interaction of the polycationic chitosan with
the negatively charged cell membranes gives also rise to very inter-
esting biological properties, such as hemostatic and analgesic ef-
fects. In this regard, the interaction of red blood cells, as well as
platelets, with chitosan allows to speed up clot formation and he-
mostasis [89, 90], thus taking part in the coagulation and cicatriza-
tion process [91-93]. In the same matter, the analgesic effects of
chitosan can be ascribed to the proton release by the cationic D-
glucosamine residues in the area of inflammation [64].

Despite its non-cytotoxicity towards mammalian cells, chitosan
has a wide spectrum of antimicrobial activity against fungi,
Gram-positive and Gram-negative bacteria, and yeasts [94]. The
mechanism of antimicrobial activity of chitosan is not completely
known but several factors can influence it. Studies evaluating the
antimicrobial activity of chitosan against different groups of micro-
organisms suggested that three main mechanisms of inhibition of
microbial growth are involved [95, 96]. The first and basic mecha-
nism proposed relies on the cationic amino groups of chitosan that
increase the permeability of negatively charged outer cellular layer,
causing disruption and release of intracellular components (Fig.
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9A). Two other synergist mechanisms have been also identified: the
inhibition of intracellular enzymes activity through the chelation of
metals (Fig. 9B) and cytoplasmic DNA/mRNA complexation caus-
ing the inhibition of protein syntheses (Fig. 9C) [97, 98].
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Fig. (9). Mechanisms of antibacterial action of chitosan: (A) cell wall
charge disruption; (B) chelation of metals in trace; (C) complexation with
DNA.

The antimicrobial activity of chitosan is influenced by its Mw.
Low Mw chains were found more effective than longer ones, proba-
bly due to the higher mobility of small chains that can better
penetrate the bacterial membrane [3, 69, 99]. In the same way, chi-
tosan with high DDA and thus with highly cationic character, are
more effective than those with a low DDA in terms of bacterial
growth inhibition. Taken together, the antimicrobial activity of
chitosan is due to the presence of protonated amino groups. In this
regard, the pH thus strongly affects the antibacterial effectiveness
of chitosan: the lower the pH (below the pKa value of = 6.3), the
higher the antibacterial activity displayed by the aminopoly-
saccharide [75, 88, 91, 92, 100, 101].

4.4. Immunogenicity, Allergenicity, and Genotoxicity of Chito-
san

Chitosan has been tested for safety and toxicity in a number of
animal species, and by various routes of administration [102] In
this regard, Kitozyme and Primex Corporations have compiled
comprehensive information as part of self-certifications to support a
“generally recognized as safe” (GRAS) status as it has been re-
cently and comprehensively reviewed by some authors [85, 103].
Overall, chitosan is widely regarded as being a non-toxic, biologi-
cally compatible polymer [104] and it is approved in Japan, Italy,
and Finland for dietary applications [105] and it has been FDA
approved for use in wound dressings [106].

4.4.1. Immunogenicity and Antigenicity

While immunogenicity is the ability of a particular substance,
such as an antigen or epitope, to provoke a humoral and/or cell-
mediated immune response in the body of a human or animal, anti-
genicity is the capacity of some (bio)chemical factors, such as anti-
gens or haptens, to be specifically recognized and bind T cell recep-
tors or antibodies (IgG-binding) that are the products of adaptive
immunity. Antigenicity was more commonly used in the past to
refer to what is now known as immunogenicity, and the two are still
often used interchangeably. The use of chitosan for pharmaceutical
and medical applications requires highly purified GMP-grade mate-
rial comprising carbohydrate containing little or no residual protein
and chitosan-based products should comply with appropriate phar-
macopoeial tests [102]. Since proteins are significantly more im-
munogenic than polysaccharides, purified chitosan is considered
non-immunogenic and thus non-antigenic. On the other hand, chito-
san has been shown to be involved in the production of IgM by the
immune system in response to antigens. It stimulates in vitro IgM
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production but not that of IgG or IgA by HB4GS cells and human
lymphocytes [107].

4.4.2. Allergenicity

Allergenicity is defined as the capacity of a given substance to
elicit an IgE immune response upon animal or human exposure.
Allergenicity is thus the potential of a material to cause sensitiza-
tion and allergic reactions and is mediated through immunological
mechanisms such as IgE antibody binding. Because some individu-
als are allergic to shellfish, some scientists have been prompted to
investigate the presumed relationship between allergy and the pres-
ence of chitin in shellfish. It is worthy of note that isolated chitin is
a biopolymer deeply different from that present in vivo, that is part
of a complex structure with other inorganic and organic and com-
ponents responsible for its allergenic potential. Instead, isolated,
pure and ultrapure chitin and chitosan, are plain polysaccharides
devoid of any residual proteins [108]. In this regard, a number of
researchers have demonstrated the absence of any allergic response
in subjects with shellfish allergy following oral challenge with
shellfish-derived glucosamine [109, 110]. Further evidence on the
anallergic properties of chitosan comes from the absence of allergic
reactions, or any other adverse event, following the use of chitosan
dressings, even in people allergic to shellfish [111].

4.4.3. Genotoxicity

Genotoxicity describes the property of chemical agents that
damages the genetic information within a cell causing mutations,
which may lead to cancer. The antigenotoxic activity of chitosan,
assessed using the sister chromatid exchange assay following ad-
sorption of different mutagens [112] showed that this biopolymer
did reduce the genotoxicity of such chemicals, suggesting that it
may play a protective role against environmental mutagens [113].

4.5. Chitosan Modifications

Chitosan reactive groups are readily subjected to chemical de-
rivatization, to allow chitosan new functionalities and properties, as
described in Table 5.

In fact, the deacetylation process gives to chitosan a new reac-
tive functional group when compared with chitin: a primary amine
at the C, position. This amine and the primary and secondary hy-
droxyl groups at the C; and C¢ positions, respectively, are responsi-
ble for one of the most important features of chitosan: the ease of
chemical modification under mild conditions. Such modifications
are also used to provide chitosan, and chitosan-derivatives, with
new mechanical and physicochemical properties: for instance, the
solubility of chitosan at neutral pH has been improved by tethering
water soluble, hydrophilic moieties to it [134], or its mechanical
behavior has been heightened by controlled acetylation [64, 68, 70,
71, 135].

4.6. Chitosan applications

The study and use of chitosan and of its derivatives have been
constantly growing over the last four decades, as demonstrated by
the steep increase in the number of papers indexed in Scopus data-
base from 1975 (16 documents) to 2016 (5, 045 documents) related
to chitosan and its derivatives. The peculiar chemical and biological
properties of chitosan, together with the possibility to process it in
multiple forms (powders, solutions, gels, sponges, beads, fibers,
scaffolds, nanoparticles, films, porous and dense membranes) [89,
136--142], in fact have opened the way towards a number of appli-
cations in different fields, such as cosmetics, pharmaceutical, medi-
cal, agricultural, water treatment, food, and textiles, as summarized
in Table 6.

This review focuses on chitosan-based antibacterial coatings for
biomedical applications. The main applications of chitosan and its
derivatives in cosmetics and in pharmaceutical and biomedical
fields are summarized hereinafter in brief.
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4.6.1. Pharmaceutical Applications -- Drug Delivery

There are many examples in the literature about the use of chi-

tosan and its derivatives as pharmaceutical products, for example in
drug delivery [3].

Chitosan is commonly used as an excipient in tablet formula-
tions for oral medication. In fact, viscous high Mw chitosan can
delay the release of the active component, thus prolonging the dura-
tion of drug activity and improving the therapeutic efficiency and
reducing the side effects related to high peak doses [151].

TableS. Some typical modifications of chitosan. Table 6. Main applications of chitosan and derivatives in dif-
ferent fields.
Modification Function Reference
Field Applications Reference
Hydrophilic chitosan-
Methylpyrrolidinone chitosan | caffolds for bone regen- [114] Cosmetics Skin, hair, and oral care products;
eration Lipsticks; Deodorants [87]
2.N-/6-0-/2-N, 6-O-sulfated Enhance the activityhof Controllefi ‘drug rellease; pills cozliting
chitosan Bone morp‘hogenetlc [115] Pharmaceutical and stab%llzf:r; antlbacterllal, antitu- [71, 89,90,
protein-2 mor, antioxidant and anticoagulant 143--146]
agent; nutritional aid for weight loss
N, N, N-trimethyl chitosan Antibacterial activity [116]
- o Wound dressing; thromboresistant
Sulfonated chitosan Hemocompatibility [89] Biomedical and antimicrobial coatings; scaffolds [144,147--
Chitosan-g-PVA Hemocompatibility [117] for tissue engineering; cell delivery 150]
systems; gene delivery
N-hexanoyl chitosan Hemocompatibility [118]
Agriculture Mlcrolblal 1‘nfect10.n.preven- [100, 144]
N, O-/N-succinyl chitosan Hemocompatibility [119] tion;biofungicide
Chitosan-g-PEG-folate Gene carrier [120] Food indus- .FOOd .Shelf life 1mPr0ver; preserva-
tries tive; thickener; m‘(nsture loss preven- [101, 144]
O-N, O-cartboxymethyl chi- Antibacterial activity [121] tion
osan Textile indus- Antimicrobial coatings; moisture [64, 88,
Drug delivery / gene [122] tries control; dye absorption 144]
therapy Wastewater Coagulation and flocculation agent; 91, 144]
Phosphorylcholine-chitosan Nellnocarrlf?rs with pro- [123] treatment removal of heavy metal ions
tein-repelling proteins
Substrate for endothelial Biocompatible and biodegradable chitosan-based microspheres
. [124] : ide vari
progenitor cells culture and hydrogels can be employed for the delivery of a wide variety of
drugs in a controlled/sustained manner. As comprehensively re-
O-carboxymethyl chitosan Hemocompatibility [125] viewed by Mitra and Dey [152], chitosan microspheres can be pre-
i o pared by different techniques such as self-assembly of positively
O-stearoyl chitosan Hemocompatibility [126] charged chitosan with polyanions (i.e. ionotropic gelation), emul-
Chitosan-g-PEG Antibacterial activity [127] si.on. cross—linking., therma.l pross—linking, coacervation/preci-
pitation, spray drying and sieving, among others. Hydrogels are
Chitosan-g-caffeic acid Antioxidant activity [128] three-dimensional (3D) hydrophilic polymeric networks in which
the solid phase typically represents less than 10% of the total vol-
Chitosan-g-lysozyme Antibacterial activity [61] ume of the gel and that can thus absorb huge volumes of water, as
recently reviewed by Ahmadi and colleagues [153]. Chitosan-based
6-0-/3, 6-O-sulfated chitosan Hemocompatibility [129] hydrogels can be prepared by physical crosslinking, exploiting ionic
interactions (e.g., ionically cross-linked and polyelectrolyte com-
N-octyl-O-sulfate chitosan Drug carrier [130] plexed chitosan hydrogels), secondary interactions (e.g., entangled
chitosan-based hydrogels [154]), or by chemical cross-linking, al-
Chitosan-g-poly(glycidyl Drug delivery [131] lowipg to obtain a wideT vari.ety of assemblies with specific me-
methacrylate) chanical, thermal and biological properties that can be tuned by
changing the composition of the gel. Specific medical applications
Chitosan-g-poly(z-(f‘ur‘an-z- Antibacterial activity [132] of chitosan mic.rospheres and hydrogels involve gastrointestin.al,
carbonyl)-acrylonitrile) colon, ophthalmic, oral, nasal, transdermal and vaginal drug deliv-
] — - ery [152, 155].
Chitosan-g-imidazole Bone regeneration [133] Interestingly, injectable thermosensitive hydrogels combining

chitosan with glycerophosphates or other weak bases have been
developed [156]. They do behave liquid-like at temperatures be-
tween 4 and 20°C but, upon injection into the body at 37°C they
form semi-solid gels allowing local controlled drug delivery [157].

In addition, chitosan and their derivatives can be formulated in
micelles for the delivery of poorly soluble pharmaceuticals, mainly
anticancer drugs such as paclitaxel, Mytomycin C, doxorubicine,
and camptothecin [158, 159].

Chitosan has also been thoroughly investigated as highly cyto-
compatible non-viral gene delivery vector in gene therapy ap-
proaches [150, 160]. Chitosan is positively charged in solution at
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slightly acid pH, thus interacts electrostatically with nucleic acids
and self-assemble with them to form nano/micrometric complexes
named polyplexes that are capable to enter eukaryotic cells and
deliver their content. The gene delivery activity of native chitosan
has been demonstrated both in vitro and in vivo [161, 162] but its
efficiency is lower as compared to other polymeric non-viral vec-
tors. Several chitosan derivatives have thus been synthesized by
grafting to the chitosan chain other cationic polymers more effec-
tive for this purpose, such as low Mw polyethylenimine (PEI) [163]
and hydrophilic, hydrophobic, pH-sensitive, thermosensitive and
cell-specific moieties [164].

4.6.2. Biomedical Applications

The versatility and the many favorable biological properties of
chitosan and its derivatives greatly widen the number of their bio-
medical applications they are used in, spanning from wound healing
to tissue engineering, from gene delivery to antibacterial coatings.

Owing to their high water content, biodegradability, biocom-
patibility, porosity, tunable properties, and ability to promote cell
adhesion and proliferation, chitosan-based hydrogels have been
widely employed as scaffolds for tissue engineering purposes and
as (thermosensitive) injectable cell delivery systems for tissue re-
generation [69]. Specifically, they are investigated for engineer-
ing/regenerating various tissues such as bone, cartilage [165], skin
[166], blood vessels [167], and nerves [168].

All the aforementioned properties make chitosan also very suit-
able for wound dressing/healing. Several commercial wound care
products working as effective antibacterial barriers are already on
the worldwide market, even if not all are EMA and FDA approved
(e.g. quCon®, ChitoFleX®, ChitoGauze®, Chitodine®, Trom-
boguard®, Tegaderm™). Chitosan, processed in different forms
such as sponges, films, and nanofibrous porous and non-woven
membranes, in fact, can provide a hydrated 3D matrix for tissue
growth that allows for high gas exchange, and protect from micro-
bial infections [169]. Furthermore, chitosan has been demonstrated
to promote the activity of macrophages, leukocytes, and fibroblasts,
thus stimulating and enhancing extracellular matrix (ECM) deposi-
tion along with possibly preventing excessive scar formation [170].

5. MAIN TECHNIQUES TO OBTAIN ANTIBACTERIAL
CHITOSAN COATINGS: ADVANTAGES, LIMITATIONS,
AND APPLICATIONS

As previously mentioned, pathogenic microorganisms can ad-
here to the surfaces of medical devices, causing serious infections
and clinical complications (Section 2). Antibacterial chitosan coat-
ings can meet the current urgent need of biomaterials with inherent
antibacterial properties, to which microorganisms cannot develop
resistance as it often happens with antibiotics. Furthermore, as de-
scribed in section 4, chitosan coatings are promising due to their
biocompatibility, antimicrobial activity at low concentrations and
their broad antimicrobial spectrum. This section is thus dedicated to
the description and evaluation of the main methodologies employed
to produce antibacterial chitosan coatings, their advantages, their
limitations and their main applications in the biomedical field.

Several techniques can be used in order to produce chitosan
coatings with antibacterial properties. However, to immobilize
these coatings on biodevice surfaces, two main approaches are
commonly used: physical deposition based on surface secondary
interactions such as electrostatic and Van der Walls forces and hy-
drogen bonding, or surface grafting leading to stable covalent at-
tachment [171, 172]. The approach of choice will depend on the
specific application: for example, if the coating should be stable at
long-term, as expected for devices such as vascular catheters, or-
thopedic prosthesis, dental implants and other implantable devices,
the covalent attachment will be preferred. However, if biodegrada-
tion is expected such as in drug delivery systems and tissue engi-
neering scaffolds, or if the antibacterial activity is needed only at
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short term as for wound dressing applications, adsorption/depo-
sition approach based on physical interactions will be preferred [70,
171, 173].

Independently of the target application, the production of chitosan
coatings basically consist of two steps: material surface prepara-
tion/activation and immobilization of the chitosan coating.

5.1. Material Surface Preparation/Activation

Before the deposition of any type of coating, the material sur-
face must first be cleaned, usually by several washing steps in a
solvent or/and aqueous solution, followed by physical or chemical
activation to improve the coating adhesion. Cleaning steps are re-
quired in order to ensure that grafting or coating is done on materi-
als and not on contaminants which would lead to premature de-
tachment. Pre-treatments of biomedical device surfaces for subse-
quent coating with chitosan (by physical, chemical or physi-
cal/chemical techniques) are briefly detailed thereafter, and summa-
rized in Table 7.

5.1.1. Physical Pre-treatments

Physical surface pre-treatment techniques are commonly em-
ployed for metallic substrates.

Mechanical Polishing

Mechanical polishing is performed by using abrasive papers
[15], (sand, silicon carbide, diamond papers), using different grits to
obtain the desired finishing or roughness.

Blasting

Blasting process is performed in order to increase the surface
roughness to increase the adhesion strength of the coating. It is
done by driving, under high pressure, a stream of abrasive particles
(sand, alumina, glass etc.) onto the surface [174].

5.1.2 Physical/chemical Pre-treatments

Among physical/chemical pre-treatments, anodization is also
performed only on metallic substrates, whereas plasma techniques
are usually performed for surface modification of polymers such as
PEEK, PU, PTFE, PP, etc.

Anodization

In the anodization process, the substrate to be modified is used
as the anode in an ionic solution, an oxidation reaction occurs at the
surface increasing the thickness of the natural oxide layer. The ox-
ide layer is often porous allowing the reaction with the underlying
metal and the incorporation of bioactive agents [187] and to im-
prove the adhesion of the successive chitosan coatings [178].
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Fig. (10). Schematic representation of surface activation by (A) harsh acid
solution (e.g., piranha), (B) halamine, (C) phosphates or phosphonates de-
rivatives, (D) dopamine, (E) silanol, and (F) methacryl acid.
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Table 7. Surface treatments employed before the deposition of chitosan-based coatings. Graft. and Ads. indicate, respectively,
grafted and adsorbed coatings.

Type of Technique Effect on the surface Surface Device / Application Reference
modification
No modification Ads Metal Ni/Ti orthopedic [12]
Physical Mechanical polish- Ads. Morphology Metal Ni/Ti implant for dental, ortho- [13]
ing Roughness pedic, Stainless Steel implants [15]
Bone replacement and regenera-
Blasting Ads. Metal tion applications [174]
Physical and Plasma
chemical - He/ Ar/Air Ads. Etching Polymer PEEK* for regenerative medi- [175]
cine and orthopedic
- He/O,/H,0 Ads. Functionalization Polymer PP nets - hernia repair [176]
- Air Ads. Functionalization Polymer Biomedical devices [177]
-N.J/H, Graft. Functionalization Polymer PTFE* - Prosthetic devices [70]
Electrochemical Ads. Controlled porous oxide Metal Titanium nanotube arrays for [178]
anodization layer bone applications
Chemical Acid etching Ads. Morphology Silicon/Glass Protective coatings for medical [179]
(HF, HNO;, HC]) devices
Activation /Etching Silicon/Glass Surface activation used before [180]
silanes and dopamine
(6]
Phosphates Ads. Polymer Biomedical applications [181]
SS316L
Phosphonates Ads. Functionalization Cortical bones Modified periosteum [182]
N-halamines Ads. Functionalization Polymer Polyglycolide biodegradable [16]
suture
Poly(ethylene Ads.X Functionalization Metal Ti implant -- Orthopedic [7,11]
imine) - PEI [5]
Polymer PDMS#*/silicone materials for
intraocular lenses (cataract
surgery
. . [17]
Prevent infections on catheters
and tracheal tubes [39]
Glass General biomedical applications
Dopamine Graft. Functionalization Metal Ti implants for dental and or- [6, 10, 14]
thopedic applications
Polymer SIBS* / Drug-eluting stents [183]
PU* membrane for wound heal- [4]
ing
Silane Graft. Functionalization Metal Ti implants for dental and or- [6--9, 180, 184]
thopedic applications
Stainless steel-based medical [185]
implants and devices
Methacrylic acid Graft. Functionalization Polymer General biomedical applications [186]

* PEEK poly(ethylene ether ketone), polyurethane (PU), poly(tetrafluoroethylene) (PTFE), polypropylene (PP), poly(styrene-b-isobutylene-b-styrene) (SIBS), polyvinylfluoride

(PVF)
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Plasma Technique

In a general way, plasma can be defined as the fourth funda-
mental state of matter, where a totally or partially ionized gas is
obtained by electrical discharges originating radicals, electrons,
ions, neutral atoms and/or metastable and unstable molecules.
Plasma allows to modify only the first layer of materials without
changing its bulk properties, is eco-friendly (no solvent) and versa-
tile, furthermore it is already an industrial technique [188, 189]. By
varying parameters such as power, pressure, treatment time, but
also the feed gas, the effect of plasma on the substrate can be easily
changed and adapted depending on the desired surface modification
[189-193]. As pre-treatment for chitosan coatings, two main types
of effects can be obtained:

-Surface etching by using argon or helium leads to an increase
in the coating adhesion [175],

-Surface functionalization with water vapor, air, carbon dioxide,
nitrogen/hydrogen, etc., permits to introduce hydrophilic groups on
the surface, allowing an increase in the chitosan coating/surface
adhesion through Van der Walls or hydrogen interactions [176, 177,
194]. When used for the grafting approach, these functional groups
act as anchor points for chitosan grafting, leading to the formation
of covalent stable bonds [70].

5.1.3. Chemical Modifications

In wet chemistry, chemical solutions are used to introduce func-
tional groups or charges, or to change the surface hydrophilicity,
morphology and roughness (e.g., etching by acid-basic solutions) of
the substrate biomaterials aiming to increase the chitosan coating
adhesion [171]. This approach offers many different strategies to
functionalize material surfaces, thus they can be considered as a
versatile platform.

In some case, pre-treatments with harsh acidic solution such as
piranha one (H,SO4/H,0,/H,0) or Kroll’s reagent (HF/HNO5/H,0)
are done in order to increase the density of hydroxyl groups (Fig.
10A), on the metallic or glass surface [6, 171, 180] before further
functionalization with dopamine, silanol, phosphates, etc. Although,
these pre-treatments are very efficient for the removal of organic
impurities [179].

Regarding surface functionalization, it can be done by using
various reagents, , as shown in Table 7, leading to different chemi-
cal functionalized surfaces (Fig. 10), which are then used as anchor
points for ionic interactions for adsorption techniques or for chemi-
cal grafting of chitosan or its derivatives.

In order to have ionic interactions, the surface of the device can
be functionalized with chemical functionalities leading to a highly-
charged surface: to obtain a positive charge, ammonium derivatives
(Fig. 10B) [5, 7, 11, 16, 17, 39] are commonly used whereas for a
negative charge (Fig. 10C), anionic reagents, such as phosphates
[181], carboxylic acids [182] have been investigated. To maximize
the interactions with the antibacterial chitosan-based coatings, poly-
cations and polyanions can also be used:

- Polycationic agents such as halamines (Figure 10B) [16],
poly(ethyleneimine) (PEI) [5, 7, 11, 17, 39] can be adsorbed on the
surface after its activation;

- The most employed polyanions are polyphosphates (Figure 10C)
such as sodium tripolyphosphate (TPP), sodium pyrophosphate
(PP), and sodium hexametaphosphate (HMP) that are anchored on
pre-activated surfaces [181]. The phosphonate approach can also
lead to free carboxylic end groups by using 11-phosphonound-
ecanoic acid (PUA), for example [182].

The grafting approaches for chitosan-based coatings aim at
creating stable covalent linkages between the surface and the anti-
bacterial coating. The most commonly used approaches are:

- Dopamine: the reactivity of dopamine is based on its catechol
moieties known to form stable bonds with surfaces (Fig. 10D).
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Furthermore, its capability to polymerize on various substrates,
from metals, to organic polymers and to inorganic materials [10,
61, 90, 195--197] makes dopamine functionalization a very attrac-
tive strategy in stable coating deposition. Indeed, biomedical de-
vices can be easily fully and uniformly covered by a dopamine
layer, which can thereafter react with amine groups present on chi-
tosan by Michael addition or Schiff base reaction to produce cova-
lently attached antibacterial coatings [4, 6, 10, 14, 90, 183].

- Silanization is another very attractive surface activation technique,
for metallic surfaces, due to the versatility of the various silanol
derivatives available. Indeed, silanol moieties react with the hy-
droxylated substrate leading to a stable covalent link (Fig. 10E),
whereas the terminal end groups remain available for the chemical
grafting of the chitosan-based-coating. For example, (aminopropyl)
tricthoxysilane (APTES) [6-8, 180] leads to terminal amines
whereas triethoxsilylbutyraldehyde (TESBA) [8, 9, 184] to alde-
hydes.

- Polymeric surfaces can be functionalized by using methacrylic
acid, for example, as shown by Lv et al. [186] (Fig. 10F), leading to
free carboxylic acids used to anchor the chitosan-based antibacterial
coating.

5.2. Chitosan Coating Deposition/grafting Techniques
5.2.1. Deposition Techniques by Physisorption
3.2.1.1. Simple Adsorption

The simplest way to produce chitosan coating is to cast a chito-
san solution over the substrate, or immerse the substrate in the solu-
tion and let the solvent evaporate. This process occurs at the liquid-
solid interface and it is based on the interface charges [198]. The
main advantages of this technique are its simplicity and facility to
perform at low cost. Another important issue is this it is a reversible
process, without chemical changes [198] between the substrate and
chitosan coating, in this regard, the antibacterial activity of the coat-
ing can be increased due to higher the availability of free amines
(no chemical bond with the surface). However, the quality of chito-
san coatings produced by simple adsorption is limited, control over
the coating properties is difficult and delamination can easily occur.

An example of application of chitosan coating obtained by sim-
ple adsorption is reported by Sulek and colleagues that developed
chitosan-based antimicrobial coatings for orthopedic implants, pre-
viously mechanically ground and etched by sulfochromic acid.
Tests with S. epidermidis and S. aureus showed that the number of
bacteria attached to the surface coated with chitosan was lower if
compared to bare surfaces [199]. Moreover, cotton gauzes were
functionalized by carboxymethyl chitosan-calcium alginate solution
coating to produce a wound healing dressing featuring moisture
holding and antibacterial activity that was demonstrated on E. coli
and S. aureus [200]. In another recent work, Vicryl, a commercial
absorbable suture was directly coated with hydroxypropyl trimethyl
ammonium chloride chitosan dissolved in type I collagen solution
and it was compared with Vicryl Plus, a similar suture with antibac-
terial properties. Methicillin-resistant S. epidermidis and S. aureus
were employed to perform the antibacterial tests evaluating the
bacterial adhesion and biofilm formation on the sutures and human
skin-derived fibroblasts cells were used to test the cytocompatibil-
ity. Results showed that hydroxypropyl trimethyl ammonium chlo-
ride chitosan-coated Vicryl sutures exhibited antibacterial activity
comparable to that of Vicryl Plus sutures together with good cyto-
compatibility [201].
3.2.1.2 Dip Coating

The dip coating is a simple and low-cost technique to cover
surfaces with a thin film usually of high quality. Similarly, to sim-
ple adsorption method, the chitosan coatings obtained by dip coat-
ing can present a high number of free amine groups but, unfortu-
nately, delamination process can occur at long term. In a general
way, this technique consists of three steps [202, 203]:
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- Immersion and dwell time: the substrate is dipped into the
solution and the dwell time should be sufficient to let occur interac-
tions between the surface and the solution;

- Deposition and drainage: the substrate is pull up with a con-
stant speed and the excess solution is drained from the surface;

- Evaporation: the solvent evaporates forming a thin film on the
surface.

For example, chitosan/poly(vinyl pyrrolidone) (CHI-PVP) coat-
ings obtained by dip coating on preactivated PET devices demon-
strated a decrease in the adherence of S. aureus and E. coli together
with bactericidal activity. Furthermore, no cytotoxicity was ob-
served in human umbilical vein endothelial cells (HUVEC) seeded
on the modified surfaces [204]. Chitosan nanoparticles-
polymethylacrylate and chitosan colloids-polymethylacrylate, were
also dip coated on glass substrates. These surfaces exhibited anti-
bacterial behavior against S. aureus, with superior activity demon-
strated for chitosan colloids-polymethylacrylate coatings [205].

In another work, Ignatova et al. produced electrospun fibers
dip-coated with quaternized chitosan and k-carrageenan, leading to
significant antibacterial activity against S. aureus and E. coli but
also with antioxidant activity due to the combined presence of
quaternized chitosan and k-carrageenan. These fibers with dual
effect are promising for wound healing dressings [206].

5.2.1.3. Layer-by-layer (LbL)

Chitosan coatings can also be produced by layer-by-layer (LbL)
deposition. In this technique, the substrate is previously electrically
charged through a functionalization technique (e.g., plasma, piranha
solution, etc.) and is then, sequentially dipped in polyelectrolyte
solutions with opposite charges, thus depositing successive layers
of opposite charge. Importantly, each deposited layer must have a
minimum charge density to attract the other polyelectrolytes with
opposite charge. The repetition of the adsorption sequence forms
the final multi-layered coating [207--209]. LbL technique allows
the utilization of different polyelectrolytes such as synthetic poly-
mers (e.g., polyacrylic acid (PAA), polyethylenimine (PEI), etc.) or
natural polymers (e.g., chitosan, alginate, hyaluronic acid, etc.) to
cover different types of substrates with irregular shapes and sizes,
in an easy and versatile coating production process. Some examples
of the use of LbL technique to obtain antibacterial chitosan coatings
are briefly described below.

Heparin/chitosan LbL coatings were deposited on aminolyzed
PET substrates. The antibacterial and antiadhesive properties of the
coatings were evaluated using E. coli and it was shown that a supe-
rior bacterial reduction could be obtained for layers prepared at low
pH (i.e., pH 3.8) with respect to slightly acidic pH (i.e., pH 6.0),
owing to the higher amount of electronically charged chitosan
chains present on the surface of the coating [62].

Richert and colleagues [210] thoroughly investigated the proc-
ess of deposition of chitosan/hyaluronic acid films by LbL demon-
strating that low MW chitosan and high ionic strength (i.e., 150
mM NaCl) allow a faster film growth. Interestingly the films ob-
tained at high ionic strength demonstrated a significant resistance to
bacterial adhesion (80% reduction using E. coli) but also eucaryotic
cell adhesion was impaired [210]. The antibacterial properties of
chitosan/hyaluronic acid LbL films were confirmed by another
study where silicon (Si) wafers pre-treated with PEI were employed
and a reduction of up to 99% of bacterial colonies (S. epidermidis)
adhered to the functionalized substrates was observed [211]. Re-
cently, aiming to optimize the LbL deposition of chito-
san/hyaluronic acid nanofilms and to maximize their antibacterial
activity, Hernandez-Montelongo and collaborators [39] investigated
the relation between the pH of the polysaccharides solutions and
both the growth of the nanofilms and their antibacterial effect. In
this study, a single PEI pre-layer was deposited onto the bare sur-
faces, and the results showed that deposition at pH 3 led to the
maximal exposure of chitosan chains (and their free ammonium
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groups) on top layer of the surface and consequently to improved
antibacterial activity, with a reduced cell density of 5 orders of
magnitude against S. aureus (Gram-positive). Furthermore, it was
shown that surface charge density and antibacterial activity in-
creased by increasing the number of bilayers. However, unexpect-
edly, only a limited antibacterial effect was observed for P. aerugi-
nosa (Gram-negative), these results suggest a bacterium-specific
activity of these chitosan coatings and a lower efficiency against
Gram-negative bacteria, possibly owing to their outer cell mem-
brane [39]. Chitosan/hyaluronic acid LbL coatings were also em-
ployed to coat intraocular lens, pre-coated with a single PEI layer.
The results showed that chitosan could provide antimicrobial activ-
ity against E. coli and S. aureus by two ways, reducing the bacterial
adhesion and killing the bacteria attached to the substrate. On these
premises, the authors propose this coating for the prevention of
post-cataract surgery infectious endophthalmitis [5].

A particular strategy to produce all-chitosan-based LbL films
was proposed by Bulwan et al. that employed cationic and anionic
chitosan derivatives (a cationic polyelectrolyte based on chitosan
substituted with quaternary amines and an anionic polyelectrolyte
based on chitosan substituted with sulfonate groups) for the deposi-
tion on Si and glass surfaces pre-treated with piranha solution.
Noteworthy, the developed surfaces demonstrated antifouling, anti-
bacterial and anticoagulant properties making them promising ver-
satile protective coatings for medical devices and tools that come
into contact with blood [179].

To prevent bone allografts suffer failure due to poor integration
and infection, chitosan-heparin coatings were deposited via LbL on
pre-activated cortical bones. Results showed that the deposition of a
PUA pre-layer enabled the formation of chitosan-heparin layers
resulting in the complete coverage of the surface and significant
antibacterial activity against S. aureus and E. coli. Surprisingly,
notwithstanding the presence of the coating bone cells could proba-
bly still interact with adhesion ligands presents on the surface of the
bone and the adhesion of mesenchymal stem cells was not inhibited
[182].

5.2.1.4. Spray Coating

Spray coating is a deposition technique that employs gas flow
to separate a fluid into small droplets and direct them onto the sur-
face of a substrate where a film is deposited. This technique allows
obtaining homogeneous coatings in short deposition times on sub-
strates with various geometries [212--214]. Furthermore, electro-
static forces can be exploited to improve the adherence of the coat-
ing and to produce stable polyelectrolyte multilayers. However, the
deposition parameters, such as, distance from the sample, nozzle,
needle opening (fluid flow), pressure and spraying time play a de-
terminant role in obtaining a quality coating.

Mitra and collaborators coated polymeric and metallic sub-
strates with quaternized chitosan. For the two treated substrates, it
was observed antibacterial activity against S. aureus and P. aerugi-
nosa and no cytotoxicity on 3T3 mouse fibroblast cells. Besides,
the coatings were highly stable to wiping [181]. In another study,
glass substrates were coated with polyelectrolyte multilayers of
chitosan and hyaluronic acid functionalized with cateslytin (an
antimicrobial peptide). Interestingly, antimicrobial activity in-
creased with the number of deposited bilayers, up to the complete
inhibition of the development of S. aureus and of the fungus Can-
dida albicans, combined with a limited fibroblasts adhesion on
these coatings which have been thus proposed for applications such
as catheters or tracheal tubes where tissue growth is not desired and
infections should be prevented with extreme care [17].

5.2.1.5. Spin Coating

The spin-coating technique involves the application of a solu-
tion containing the compound to be deposited (usually polymers) on
a flat substrate, followed by rotation at high speed, causing the liq-
uid to undergo centrifugal acceleration so that it spreads throughout
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the substrate. When the excess liquid is ejected from the substrate,
the solvent evaporates leaving a uniform thin film. The thickness of
the coating is a function of rotation speed, viscosity of the solution,
concentration of the deposited agent and of the type of solvent.
Despite this technique is widely employed, among the main
disadvantages there are material wasting and the limited type of
geometries that can be processed [215].

A representative application of this technique is reported by
Sutha and co-workers. They coated stainless steel implants for or-
thopedic applications with a chitosan solution blended with Si-
doped hydroxyapatite powders. Remarkably, the antibacterial activ-
ity against E. coli and S. aureus increased with the amount of sub-
stituted Si in hydroxyapatite, possibly owing to a different amount
and distribution of the negative surface charges of the Si-doped
hydroxyapatite component [216]. In another work, in order to de-
velop titanium implants with anticancer and antibacterial properties,
TiO, nanotubes were produced to work as selenium nano-reservoirs
and coated by a chitosan layer. Results demonstrated that this mate-
rial could inhibit the proliferation of cancerous osteoblasts while
promoting that of healthy osteoblasts and at the same time it exhib-
ited antibacterial properties when tested against E. coli [178].

5.2.1.6. Electrospraying

Electrospraying is a technique that exploits electrical forces to
atomize fluids. The fluid, flowing through a capillary nozzle main-
tained at high potential, is forced by the electric field to be dis-
persed into droplets that are directed towards a grounded and heated
substrate where the macromolecules they carry are deposited upon
evaporation of the solvent. The size of the droplets can be finely
tuned by changing the process parameters with radii from few
nanometers to hundreds of micrometers, thus allowing to obtain
coatings with different topographies [217]. The use of electrospray-
ing has been often proposed in combination with chitosan to obtain
antibacterial coatings for biomedical devices, especially in the or-
thopedic and dental fields.

To improve the properties of NiTi alloys for orthopedic applica-
tions, chitosan blended with gold nanoparticles was electrode-
posited on these surfaces. Results showed that the coating reduced
the Ni release, improved the corrosion resistance and possessed fast
and long-lasting antibacterial effectiveness against S. aureus [12].
Similarly, also, chitosan/Ag composite coatings were deposited by
electrospray on NiTi alloys, showing once again good antibacterial
activity [13].

Carboxymethyl
Linking arm modification
L f@
NH NH
COOH C=0 CHO CH, ||\1H2 NH NH, NH
A B C D

Fig. (11). Schematic representation of the approaches employed for the
grafting of chitosan on biomaterial surfaces. Chitosan is directly linked to
the (A) COOH or (B) CHO groups present on the surface; chitosan is
grafted to the NH, groups present on the surface by (C) a bifunctional linker
or (D) directly by exploiting chemical functionalities introduced in the chi-
tosan structure, in the example carboxymethyl chitosan is reported.
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5.2.1.7. Electrophoretic Deposition

In the electrophoretic deposition, the charged colloidal parti-
cles, in suspension, migrate under the action of an electric field and
are deposited on an electrode. In the case of chitosan coatings, the
substrate material is cathodically polarized and the deposition is due
to the local pH variation caused by electrochemical decomposition
of water; in fact, a high pH region is produced at the cathode where
the loss of charge of the chitosan amine groups lead to the forma-
tion of an insoluble deposit [218]. This technique is not expensive
and versatile, enabling to produce homogeneous coatings on com-
plex geometries, without using expensive apparatuses. However,
the production of high quality chitosan coatings with the desired
thickness and homogeneity properties by this technique can be
complicated if variables as pH and temperature are not finely con-
trolled. In particular, H, bubbles are formed at the cathode and their
presence can affect the smoothness of the surface. In addition, elec-
trodeposited chitosan coatings are not stable in acidic conditions
[219]. Examples of proposed applications of electrodeposited chito-
san come once again from the orthopedic field. Recently, titanium
surfaces were coated with chitosan-vancomycin by cathodic elec-
trophoretic deposition. The coating reduced the number of S. aureus
colonies due to chitosan action, further improved by the antibiotic
vancomycin, and did not show any adverse effect on biocompatibil-
ity when it was tested with osteoblast-like cells [220]. In another
similar study, electrophoretic deposition was used to produce coat-
ings composed of bioactive glass particles and chitosan on stainless
steel and TiAl4V6 alloys. An important antibacterial effect against
E. coli was observed for all the developed coatings. The coating
was homogeneous and displayed high adhesion to the substrate by
tape test on planar samples, but it was not possible to produce ho-
mogeneous coatings on complex geometries (metal foams made
from TiAl4V6 alloy) [221].

5.3. Grafting of Chitosan Coatings on Biomaterial Surfaces

Grafting of chitosan on the surface allows the strong attachment
of the coating by covalent bonds and can be accomplished by dif-
ferent approaches, as summarized in the Fig. 11:

- The coating is linked directly to the surface (Fig. 11 A, B) due
to chemical functionalities present in the material structure or intro-
duced by previous chemical modification of the surface (as de-
scribed above in 5.1.3);

- The grafting occurs through a linking arm (e.g., glutaric anhy-
dride, glutaraldehyde, bifunctional poly(ethylene glycol), etc.), used
to indirectly link the coating to the pre-functionalized substrate
(Fig. 11C) [70, 171, 172, 222];

- The grafting occurs by using chitosan modification (Fig.

11D), leading to reactive groups able to react with the functional-
ized surface [223].

5.3.1 Directly Tethering Chitosan Coatings on Biomaterial Sur-
faces

The directly covalent immobilization of chitosan coatings onto
the substrate can be performed by several ways. Among them, the
most employed is the surface functionalization by aldehydes and
carboxylic groups. These functionalities are able to react with nu-
cleophilic groups from chitosan, such as amines and alcohols, lead-
ing to a covalent bond, originating a stable chitosan coating. How-
ever, due to the higher reactivity of amines, the reaction with amine
moieties occurs preferentially thus leading to loss of free amines for
antibacterial activity.

Chitosan Grafting on Surfaces Pre-activated with Carboxylic
Groups
As described in section 5.1.3., carboxylic groups can introduced

on the surface, for example, by acrylic acid (AA) grafting. Using
this approach, Lv and collaborators [186, 194] grafted chitosan
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coatings onto PU surfaces by methacrylic acid linkages, which
presented a good biocompatibility when tested with mammalian
cells and a long action against S. epidermidis, S. aureus, and E. coli.
Furthermore, it was possible to incorporate in the coatings anionic
antibiotics (e.g., rifampin), extending their release time and thus
improving the long-term antibacterial behaviour [186]. Chitosan
was also grafted on acid-activated nonwoven PP, useful for the
production of pads and fabrics used in hospitals, demonstrating
antibacterial activity towards P. aeruginosa [224]. In another work,
the grafting of chitosan-Rose Bengal (CHRB) trough chitosan
amine groups and carboxylic acid of PDMS activated substrates
was performed in order to reduce the risks of bacterial infection
during surgical application. The CHRB coating antibacterial activ-
ity was investigated using E. coli and S. aureus and results sug-
gested a preferential bactericidal activity against Gram-positive
bacteria [225].

Chitosan Grafting on Surfaces Pre-activated with Aldehyde
Groups

Aldehyde-functionalized surfaces can be obtained by using, for
example, triethoxysylilbutyraldehyde (TESBA) as described in
section 5.1.3. These terminal aldehydes are very reactive towards
amines and alcohols. For instance, titanium dental implants previ-
ously activated by aldehydes led to a stable chitosan coating due to
covalent grafting, exhibiting great scratch resistance, and also a
significantly higher adherence than a simple chitosan deposition, as
evidenced by indentation and scratch tests. Furthermore, the chito-
san grafted titanium implants exhibited good biocompatibility to
NIH3T3 fibroblasts, strong inhibition of Actinomyces naeslundii
growth; nonetheless they showed a non-significant inhibition
against Porphyromonas gingivalis, which can be explained by the
lower antibacterial activity of chitosan against Gram-negative bac-
teria [184].

5.3.2. Tethering Chitosan Coatings on Biomaterial Surfaces Us-
ing a Linking Arm or Chitosan Modification

The covalent immobilization of chitosan coatings employing a
linking arm occurs when the preactivated surfaces exhibit terminal
amine groups, as described in subsection 5.1 for dopamine,
aminosilane (APTES) and N,/H, plasma treatments. Indeed, amine
groups present on the substrate cannot react directly with amine
moieties of chitosan, therefore it is necessary to use a homo or het-
ero-bifunctional linking arm, that possesses terminal carboxyl or
derivatives (e.g., N-hydroxysuccinimide, NHS), or aldehyde reac-
tive groups (e.g., glutaraldehyde) [8]. This approach permits to
obtain covalently bonded stable chitosan coatings, but it adds a step
in the surface processing and makes the procedure longer. How-
ever, the reactions with linking arms are often easily performed in
buffer solutions. Furthermore, the use of specific spacer-containing
linking arms, such as PEG spacers of different length, could be
helpful regarding antibacterial coatings, as PEG is known to be
anti-fouling thus possibly permitting to combine bacteria-repelling
behaviour with the bactericidal properties of chitosan [70].

Another way to graft chitosan directly on previously aminated
surfaces is to modify chitosan reactive groups (NH,, CH,OH) with
other functionalities, such as carboxymethyl moieties [6], able to
directly react with the amino functionalized surface. This approach
induces chemical modification of chitosan, which should be well
controlled, and also introduces the need of further purification
steps. However, as described in section 4.5 (Tab. 5), this chitosan
modification can be also an added value as it can improve biologi-
cal properties: for example, carboxymethyl chitosan has been
shown to induce hemocompatibility properties, but also to have a
high antibacterial activity.

Chitosan Grafting on Pre-activated Surfaces by Using a Linking
Arm

In a preliminary study, Vaz and coworkers [70] evaluated the
influence of three linking arms, exploiting the reaction between
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carboxylic and amine groups, on the grafting of chitosan on plasma-
aminated PTFE substrates, aiming to identify structure-property
relationships. The short glutaric anhydride linker (Mw: 114 Da),
was used due to its low steric mobility and led to chitosan coatings
with high proximity to the substrate. Poly(ethylene-alt-maleic an-
hydride) was used as long, high Mw linker (Mw: 100-500 kDa).
This anchor molecule allowed multiple linking points with both the
substrate and the chitosan molecules. Finally, a PEG-based bifunc-
tional linker, poly(ethylene glycol) bis(carboxymethyl) ether (Mw:
600 Da), with carboxymethyl groups at both the extremities, was
used aiming to combine the PEG antiadhesive properties with the
bactericidal ones of chitosan. Chitosan coatings showed good sta-
bility and the type of anchor used influenced the quality of the ob-
tained coatings, with the glutaric anhydride-based coatings being
the most homogeneous. Unfortunately, no antibacterial tests were
performed, thus hindering to draw structure-activity relationships
[70]. In another study, chitosan-lysozyme coatings were grafted on
stainless steel surfaces activated by dopamine with glutaraldehyde
as a homo-bifunctional linker. Bioconjugation of chitosan with the
antibacterial enzyme lysozyme was aimed at improving the antibac-
terial efficiency of the coating, especially under non-acidic condi-
tions. Results showed that lysozyme moieties could further enhance
the antibacterial activity of chitosan coatings against S. aureus un-
der neutral pH conditions [61].

Modified hydrophobic chitosan coatings on magnetic nanopar-
ticles have been recently proposed for an interesting biomedical
application: the removal of bacteria and biofilms from contami-
nated surfaces [226]. Chitosan was modified by grafting with dode-
cyl hydrophobic tails and then deposited on the surface of magnetic
nanoparticles activated by aminosilane through glutaraldehyde
grafting. The developed hydrophobically modified nanoparticles
were able to capture and coagulate Gram-negative bacteria (E. coli,
capturing capacity: 1.38x10° cells/mg), that could not be captured
at all by nanoparticles coated with plain chitosan.

Chitosan Grafting on Aminated Surfaces by Chitosan Modifica-
tion

Carboxymethyl chitosan is often used as chitosan derivative to
coat aminated surfaces, due to its chemical reactivity and to the
preserved antibacterial activity. As a practical example, medical
silicone surfaces were pre-treated with dopamine and then modified
with carboxymethyl chitosan. Antibacterial assays showed that the
coating could significantly reduce the adhesion of E. coli and Pro-
teus mirabilis, even if without an outstanding efficiency (i.e., ca.
90%), and cytotoxicity was not observed when treated surfaces
were tested with fibroblasts [223].

In a comparative study, it was evaluated the stability of car-
boxymethyl chitosan coatings grafted onto Ti surfaces using dopa-
mine and aminosilane as surface pre-functionalization agents. The
carboxymethyl chitosan coatings efficacy against S. epidermis was
demonstrated, however, surprisingly, chitosan coatings anchored
with aminosilane presented a decreasing stability after contact with
70% ethanol treatment, autoclaving, and immersion in PBS [6].
These results demonstrated the need of performing systematic char-
acterizations of the coatings not only in terms of antibacterial activ-
ity but also of stability in different milieus, upon sterilization and
cleaning techniques, aspects that are often underestimated and over-
looked in the development of chitosan-based antibacterial coatings.

CONCLUSION

The development of antibacterial coatings for biomedical de-
vices has been strongly prompted in the last 20 years owing to the
increasing awareness and understanding of the healthcare-
associated infections and particularly of biomaterial-associated
infections together with the parallel growth of antimicrobial resis-
tant pathogens that limit the usefulness of the traditional antibiotic-
based approaches.
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A wide variety of approaches have been investigated, relying
mainly on coatings for antibacterial agent release, contact killing
and adhesion resistant surfaces. Even if the release of antibacterial
agents can take advantage of compounds with recognised strong
activity such as antibiotics, the release kinetics must be finely tuned
to obtain the desired effects, pathogens can develop or have already
developed resistance toward the antibiotics and, most importantly,
the lifetime of the antibacterial activity offered by this strategy is
limited. In this light, the development of adhesion resistant and
especially of contact killing surfaces, with inherent antibacterial
properties, has gained more and more interest in the biotechnology
and biomaterial fields. In this light, in this review, we focused on
chitosan as naturally-derived biocompatible antibacterial material
for the development of surface coatings for pharmaceutical and
biomedical applications.

Chitosan in fact, in addition to its intrinsic antimicrobial activ-
ity, features a series of beneficial properties for application in the
biomedical field since it is highly biocompatible, non-immunogenic
and non-allergenic, it is quite inexpensive and it can be easily proc-
essed in different forms such as gels, films, membranes, sponges,
nanoparticles with tunable characteristics. On these premises chito-
san has often been considered as the material of choice for the de-
velopment of antibacterial coatings, not only in the biomedical field
but also in food and textile industry.

Several strategies, involving adequate surface preparation fol-
lowed by physiosorption or chemical grafting, can be exploited to
produce chitosan-based coatings, generally on metal and polymeric
surfaces, for a number of applications that range from dental im-
plants to catheters, from orthopaedic prostheses to intraocular lens.
However, it is difficult to identify general rules or coatings with
superior “universal” properties since (i) many parameters, other
than antibacterial efficiency, should be taken into account simulta-
neously (e.g., mechanical, physical and chemical stability, biodeg-
radation rate, mechanical properties, thickness, morphology, etc.),
(ii) the characteristics of the coating must be tailored and optimized
to the specific application, and (iii) comparative studies are often
missing, still making not clear how deposition techniques and
chemical grafting can affect the antibacterial properties of the chito-
san molecules. Furthermore, there is a general lack of information
on the performance of chitosan antibacterial coatings in vivo, owing
to the expensiveness of these tests, and currently employed in vitro
experiments are performed in exemplified models that do not ade-
quately mimic the huge number of factors acting in vivo (e.g., in-
flammation, pH, presence of enzymes, adsorption of proteins, cy-
clic mechanical solicitations, etc.).

A more systematic research, involving both thorough material
physicochemical characterization and biological evaluation, pref-
erably also in vivo, would be necessary to draw reliable structure-
activity relationships that could guide the design of chitosan anti-
bacterial coatings optimized for the specific application. More stan-
dardized evaluation protocols would also be beneficial to allow the
easier and trustworthy comparison among the results obtained
across different laboratories.

Nevertheless, the positive results usually obtained by chitosan
coatings against both Gram-positive and Gram-negative bacteria
(and sometimes also against fungi), despite their known preferential
bactericidal activity against Gram-positive cells, and their almost
always demonstrated cytocompatibility are very promising corner-
stones for the future translation into clinics of these technologies. In
particular, multifunctional systems, combining different mecha-
nisms of action against pathogens are emerging as the next genera-
tion chitosan-based coatings.
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