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ARTICLE INFO ABSTRACT

Article history: To tackle antimicrobial resistance, a global threat identified by the United Nations, is a common cause
Received 28 March 2023 of healthcare-associated infections (HAI) and is responsible for significant costs on healthcare systems, a
Revised 16 June 2023 substantial amount of research has been devoted to developing polysaccharide-based strategies that pre-
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- g vent bacterial attachment and biofilm formation on surfaces. Polysaccharides are essential building blocks
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for life and an abundant renewable resource that have attracted much attention due to their intrinsic re-

Keywords: markable biological potential antibacterial activities. If converted into efficient antibacterial coatings that
Antibacterial coatings could be applied to a broad range of surfaces and applications, polysaccharide-based coatings could have
Polysaccharides a significant potential global impact. However, the ultimate success of polysaccharide-based antibacte-
Coating technology rial materials will be determined by their potential for use in manufacturing processes that are scalable,

Antibacterial testing versatile, and affordable. Therefore, in this review we focus on recent advances in polysaccharide-based

antibacterial coatings from the perspective of fabrication methods. We first provide an overview of strate-
gies for designing polysaccharide-based antimicrobial formulations and methods to assess the antibacte-
rial properties of coatings. Recent advances on manufacturing polysaccharide-based coatings using some
of the most common polysaccharides and fabrication methods are then detailed, followed by a critical
comparative overview of associated challenges and opportunities for future developments.

Statement of significance

Our review presents a timely perspective by being the first review in the field to focus on advances on
polysaccharide-based antibacterial coatings from the perspective of fabrication methods along with an
overview of strategies for designing polysaccharide-based antimicrobial formulations, methods to assess
the antibacterial properties of coatings as well as a critical comparative overview of associated challenges
and opportunities for future developments.

Meanwhile this work is specifically targeted at an audience focused on featuring critical information
and guidelines for developing polysaccharide-based coatings. Including such a complementary work in
the journal could lead to further developments on polysaccharide antibacterial applications.

© 2023 The Authors. Published by Elsevier Ltd on behalf of Acta Materialia Inc.
This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/)

1. Introduction affecting both patients and healthcare professionals [1]. HAI can
be found in hospitals, long-term and elderly care facilities, out-
Healthcare-associated infections (HAI) are the infections ac- patient settings, and even after discharge, especially for patients

quired during the process of receiving or giving healthcare, thus who rely on medical devices such as implants, catheters, hernia
meshes, wound dressings, and vascular grafts [2]. HAI is one of

- the most common adverse events including surgical site infections,
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Nomenclature

ALG alginate
AMP antimicrobial peptide

CA cellulose acetate

CFU counting colony forming units
CMC carboxymethylcellulose

CNC cellulose nanocrystals

CNF cellulose nanofibers

CS chitosan

CSCT catechol functionalized chitosan

DVLO Derjaguin-Landau-Verwey-Overbeek
EPS exopolysaccharides

ES electrospinning, electrospun

MIC minimum inhibitory concentration
MBC minimum bactericidal concentration
NIPAM  N-Isopropyl acrylamide

NMy nylon monofilaments

HA hyaluronic acid

HAI healthcare-associated infections

HAp hydroxyapatite
HNT halloysite nanotubes

(0]D) optical density

PAA polyacrylic acid

PEI polyethyleneimine
PEO polyethylene oxide
PFU plaque forming unit

PLA polylactic acid
PSAN polystyrene-co-acrylonitrile
PVA polyvinyl alcohol

PVAm  polyvinylamine

PVF polyvinyl fluoride

QAC quaternary ammonium compound
SEM scanning electron microscopy
TEM transmission electron microscopy
k-C kappa carrageenan

t-C iota carrageenan

increased morbidity, mortality and economic burdens on patients,
families, and healthcare systems worldwide.

An additional complication of HAI is that the misuse and
overuse of antibiotics has been one the main drivers for the spread
of antimicrobial resistance i.e., causing bacteria to become resistant
to most common antibiotics, making HAI very difficult to treat.
Consequently, antimicrobial resistance has been called a global
threat by the United Nations [4]. Device-related infections begin
with bacteria adhering to the surface of a medical device. Once
bound, the bacteria proliferate on the surface and many bacte-
rial species can form a biofilm which becomes a haven where the
bacteria are well protected from both anti-biodegradable-biotics
and the immune system [5,6]. Therefore, the most effective and
straightforward way to reduce HAI and fight against the spread of
antimicrobial resistance is to interfere with bacterial colonization
at the initial stage. Hence, intensive efforts have been put into de-
velopment and fabrication of biomaterials with antibacterial prop-
erties.

Polysaccharides are a group of biomacromolecules composed of
different kinds of glycosidic-bonded monosaccharides, and because
they are essential building blocks for life they are commonly found
in nature from renewable sources [7]. Polysaccharides have at-
tracted much attention due to their intrinsic remarkable biological
activities, including hypoglycemic, hypolipidemic, anticancer, an-
tioxidant, immune enhancing, antibacterial activities, etc. [8] Fur-
ther, it has been suggested that polysaccharide-based antibacterial
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formulation can have significant impact on bacterial biofilms by in-
terfering with quorum sensing [9], adhesion activity [10], forma-
tion process [11] and efflux pumps [12]. In addition, it has been
proposed that polysaccharides can damage the cell wall and cell
membrane of bacteria via different mechanisms, such as altering
the permeability of the bacterial cell walls and cell membrane [13],
undermining enzyme system integrity in bacterial membrane [14],
impeding cell membrane function [15], as well as exert antibac-
terial activities via affecting the nucleic acid and even changing
the intracellular metabolic pathways of bacteria [16]. At the same
time, polysaccharides are attractive for their potential to facilitate
the end-of-use disposal of coatings without harming the environ-
ment [62].

However, to transform antibacterial polysaccharides into com-
mercially useful materials it is important that they are compati-
ble with manufacturing processes that are scalable, versatile and
affordable. In particular, polysaccharide-based antibacterial formu-
lations that could be applied as coatings on the surface of a
wide variety of substrate materials with any kind of shape while
at the same time being mechanically and environmentally stable
will be decisive factors for their applicability. In this review we
therefore compare the potential use of polysaccharide-based for-
mulations as coatings from the perspective of fabrication meth-
ods. We focus on recent advances using several of the most
widely applied techniques for the fabrication of polysaccharide-
based antibacterial coatings: dip coating, spin coating, spray coat-
ing, 3D printing, electrospinning, and layer-by-layer assembly,
Fig. 1. Complementary recent reviews have been mostly focused
on polysaccharide-based antibiofilm surfaces that mainly involve
chitosan and its derivatives [17]. However, here we provide a
unique and timely perspective by focusing on recent advances and
challenges of polysaccharide-based antibiofilm surfaces in terms
of coating technology. This assessment could be crucial for new
antibacterial formulations when it comes to choosing the most
promising methods for their evaluation and commercialization
assessment.

Polysaccharides have various chemical components and are
widely used for different applications [18,19]. Chitosan (CS), in par-
ticular, plays an important role in the antibacterial field [20], see
Table 1. A deacetylated biopolymer derived from chitin, chitosan
(CS) is a natural polysaccharide with a relatively high molecular
weight that is made up of copolymers of d-glucosamine and N-
acetyl-d-glucosamine [21]. Chitosan has been used as an antibac-
terial agent to combat bacteria, algae, yeast, and fungi. Several in-
ternal and extrinsic parameters, including the degree of deacety-
lation, molecular weight, concentration, pH, and target microor-
ganism, affect the antibacterial effect of the substance [22]. A cur-
rent hypothesis is that the antibacterial effect of chitosan is due to
an electrostatic interaction between the positively charged amino
groups of CS and the negatively charged microbial cell mem-
brane. This interaction alters the permeability of the cell mem-
brane, which leads to the leakage of cell contents and microbial
death [23].

Hyaluronic acid (HA) is a non-sulphated glycosaminogly-
can (GAG) that contains alternating repeat units of 1,4-D-
glucuronicacid and 1,3-N-acetyl-D-glucosamine and is a crucial
part of the extracellular and pericellular matrixes of all bodily tis-
sues. It has been suggested that HA can be used as antimicrobial
polymers for a variety of biomedical and pharmaceutical applica-
tions [24]. According to several studies, the soluble HA’s in vitro
bacteriostatic activity may be due to the medium’s excess HA satu-
rating the bacterial hyaluronidase [25]. Consequently, bacterial pro-
liferation profile is slowed. Furthermore, HA shows antifouling ef-
fectiveness against bio pollutants enhanced by HA’s negative net
charge, which can cause steric repulsion of the negatively charged
bacterium cell wall [26].
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Fig. 1. Illustration of polysaccharide-based antibacterial coating technologies: main types of polysaccharides, strategies for killing bacteria and typical fabrication methods.

As the result of the development of drug-resistant bacteria and
fungi, pectin has received a growing interest with respect to it its
natural antibacterial properties caused by the undissociated acid
form. With the emergence of several new uses, current research
assigns the anti-inflammatory activities of pectin, which are pri-
marily attributed to the galacturonan chain [27].

In addition, some polysaccharides without antibacterial activi-
ties still play an important role for potential antibacterial coatings.
An anionic polysaccharide widely used for biomedical applications,
alginate (ALG), is recognized as a family of linear copolymers made
up of blocks of (1, 4)-linked -d-mannuronate (M) and -l-guluronate
(G) residues that are commonly derived from brown algae (Phaeo-
phyceae).

Carrageenan is a sulfated galactan isolated primarily from ma-
rine red algae and is composed of 1,3-linked B-d-galactose and
1,4-linked «-d-galactose. Due to the different numbers and po-
sitions of the ester sulfate groups on the repeating galactose
units, carrageenan can be divided into k-type (Kappa), t-type
(iota), A-type (lambda). The gel strength and solubility of car-
rageenan are also affected by the levels of ester sulfate groups.
For example, k-C can form strong and rigid gel crosslinked
with potassium ions while (-C gel is softer in the presence
of calcium ions and A-C does not have gelation behavior. Due
to its inherent physical properties and antioxidant activity, car-
rageenan plays an important role as functional additive or thick-
ening agent in the industry for the application of food and
bioengineering [28,29].

Cellulose is the most widely distributed and most abundant
polysaccharide in nature, consisting of linear glucan chains linked
by B-1,4-glycosidic bonds. Cellulose nanofibrils or nanocrystals,
which are bundles of cellulose molecules in crystalline-amorphous
and crystalline forms, known as generically nanocellulose, are also
regarded as potential polysaccharides for antibacterial coatings due
to their high specific surface area, biodegradability and high me-
chanical properties [30].

Gellan gum, produced by the bacterium Sphingomonas (Pseu-
domonas) elodea, is an anionic polysaccharide with a repeating

tetrasaccharide unit, including two glucose residues, one glu-
curonic acid and one rahmnose residue [31]. Due to its biocompat-
ibility and processing versatility through chemical modifications,
gellan gum has been widely used for drug delivery and tissue en-
gineering [32].

Polyanion gum arabic is an edible tree gum exudate used
mainly in food, cosmetic and pharmaceutical industries [259].

Further details regarding the structure and properties of
polysaccharides can be found in the works of Heinze (Ed.) [33],
Tiwari [34], Dumitriu [35], among many others.

At first, we provide a summary of antibacterial strategies
for polysaccharide-based formulations followed by an overview
of methods and good practices for assessing the antibacterial
properties of coatings. Thereafter we discuss recent advances in
polysaccharide-based coating, followed by a critical discussion on
the potential for manufacturing polysaccharide-based antibiofilm
surfaces and future related opportunities and challenges.

2. Strategies for designing polysaccharide-based antibacterial
materials

Here we summarize specific strategies that can be employed
for designing polysaccharide-based systems with potential for use
as antibacterial coatings. Several comprehensive reviews on the
topic can be found elsewhere [36,37]. Driven by reproductive fit-
ness, bacteria have evolved their biofilms to resist physical forces
such as shear forces generated by blood flow and washing effect of
saliva. This is achieved through extracellular polymeric secretions
primarily consisting of exopolysaccharides (EPS), proteins, and nu-
cleic acids [38]. In addition, the formation of biofilms helps bacte-
ria to survive in various assaults in environments of animal or hu-
man hosts [39]. Similarly, the initial cause of HAI, such as medical
device related infections, is bacterial adhesion to the surface of bio-
materials and adjacent tissues [40]. The adhesion process of bacte-
ria is complex and is usually separated in two stages [41], as illus-
trated in Fig. 2. In the first stage, the interaction between bacterial
cells and material surface is rapid and reversible. Generally, this



JID: ACTBIO

H. Ruan, A. Aulova, V. Ghai et al.

[m5G;July 31, 2023;7:22]

Acta Biomaterialia Xxx (XXXx) XxX

Properties

Origins

Film-forming ability, gelling,
non-toxicity, pH responsiveness,
hydrophilicity, biocompatibility,
biodegradability, processability
and ionic crosslinking

Thickening, gelling, stabilizing,
antitumor, immunomodulatory,
antihyperlipidemic and

Table 1
Main polysaccharides considered for antibacterial coatings: structure, properties and origins.
Polysaccharide Structure
Alginate (anionic) al
1,4-B-D-mannuronate, oH
«a-L-guluronate residues 7o -
HO o
n
HO
Carrageenan (anionic) 0805’
1,3-B-D-galactose, oH
1,4-a-D-galactose o ,Q/
CH,0H

Cellulose (neutral)
1,4-B-D-glucose

R=H: k-carrageenan
R=S03~: (-carrageenan

0805 ]

0

’ CH,0H

L -m
Chitosan (cationic) r OH 7(:{0
1,4-B-D-glucosamine .o o HO o

HO o S
= m n
NH, o
Gellan gum (anionic) o O oH
1,3-B-D-glucose, g = °"° - 0%0 ;07
1,4-B-D-glucuronic acid, O N pary ° o on 10 g
1,4-B-D-glucose, N n
1,4-a-L-rhamnose
Gum arabic (anionic)
1,3-B-D-galactopyranosyl HO. OH
o
HO
HO

Hyaluronic acid (anionic)
D-glucuronic acid,
N-acetyl-D-glucosamine, linked via
alternating 8-(1—4) and 8-(1-3)
glycosidic bonds

Pectin (anionic)

6-methylated and 2- and/or
3-acetylated
poly-(1-4)-D-galacturonic acid
residues, alternating with
branched «(1-2)-L-rhamnosyl-
«(1-4)-d-galacturonosyl chains
substituted with side chains of
mainly «-l-arabinofuranose and
«-D-galactopyranose.

(o)

o A
H
OH HN
~-l-o -0 -0
HO ] -
HO
HO o m

Pectin structure remains uncertain based
on current studies.

anticoagulant activities

Biocompatibility,
biodegradability, non-toxicity,
low-cost, flexibility, high
thermal stability, good
mechanical properties

High antibacterial activity,
biocompatibility,
biodegradability, non-toxicity,
hemostatic effect, rigidity and
brittleness

Gelling, flexibility,
biocompatibility,
biodegradability, non-toxicity,
heat and acid resistance

Film-forming ability, gelling,
emulsifying, thickening,
non-toxicity, biocompatibility,
biodegradability and
antibacterial activity

Gelling, biocompatibility,
biodegradability, non-toxicity
and significant bioactivities

Gelling, thickening, antibacterial
activity, biocompatibility,
biodegradability

Derived from brown algae
(Phaeophyceae), such as
Laminaria hyperborea, Laminaria
digitata, Laminaria japonica,
Ascophyllum nodosum and
Macrocystis pyrifera. Bacterial
alginate can be produced from
Azotobacter and Pseudomonas.

Derived from red algae
(Rhodophyta), including
Chondrus, Eucheuma, Gigartina
and Kappaphycus species.

Derived from green plants such
as cotton, wood and hemp. Also,
cellulose can be produced from
bacteria including Acetobacter
xylinum, Gluconacetobacter
xylinus and others.

Derived from the chitin of
crustaceans, such as lobsters,
crabs, and shrimps, as well as
from fish scales and many other
types of organisms including
insects and fungi.

Produced by aerobic submerged
fermentation of Sphingomonas
elodea.

Derived from the stems and
branches of the Acacia Senegal
tree.

Derived from rooster comb.
Produced from streptococci for
industrial purposes.

Large levels of pectin can be
found in pears, apples, guavas,
quince, plums, gooseberries,
oranges, and other citrus fruits,
while smaller amounts can be
found in soft fruits like cherries,
grapes, and strawberries.

interaction is nonspecific and can be easily destroyed through
phagocytosis, a cellular process for ingesting and eliminating mi-
croorganisms, foreign substances etc. Then in the second stage,
bacteria start to excrete adhesion proteins which mediate the in-
teraction with molecules of the material surface. This step is ir-
reversible (or only slowly reversible) due to the presence of ad-
hesins on the microbial cell surfaces [41]. Once the bacterial cells
are firmly adhered to the surfaces, they start to proliferate and
some bacterial species can produce biofilm, i.e. a glue-like matrix
consisting of excreted polysaccharides, proteins and DNA. These

components can either be a biproduct from bacterial metabolism
or from the growth and autolysis of bacterial communities. The
mature biofilm protects the bacterial community and provides sup-
port for a three-dimensional architecture shown in the final stage
of Fig 2.

Accordingly, the main approach for designing antibacterial sur-
faces is to prevent bacteria from adhering to the surface of the
material or kill the attached bacteria. Therefore, three strategies
to design antibacterial coatings have been proposed: bacteria-
repelling, contact-killing, and antibacterial agent release [42].
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proliferating colony 3D community

Stage 1 /

Fig. 2. Illustration of the stages of bacterial adhesion. First, the free-floating planktonic bacteria attach reversible to the material surface, where it in the next stage attempts
to anchor itself by adhesion structures such as pili and fimbriae. Once bound to the surface it starts to proliferate and produce biofilm and with time the mature biofilm

gives strong support and protection for the bacteria growing in it.

Bacteria-repelling surfaces can prevent the initial attachment of
bacteria in Stage 1. Through contact-killing the cell wall of bacteria
is destroyed when in touch with an antibacterial surface (Stage 1).
Surfaces embedded with releasable antibacterial agents could kill
both adherent and planktonic bacteria efficiently.

2.1. Bacteria-repellent surfaces

Reduced adhesion of bacteria to a surface/substrate potentially
leads to prevent the biofilm formation. Since bacteria growing in
biofilms are difficult to remove, creating a surface that prevents
the initial adhesion of bacteria can reduce the risk of e.g. device-
associated infections [43]. Several strategies for bacteria-repellent
surfaces are summarized below together with examples of their
use.

2.1.1. Superhydrophilic surfaces

In recent years, there has been increasing interest in control-
ling the superhydrophilicity of specific surfaces (reducing their wa-
ter contact angle, 6, below 5°) via modifying the chemical compo-
sition and morphology of the surface [44]. Hydrophilic molecules
can induce hydration and form a layer of water on the surface
that has been demonstrated to effectively limit or prevent the at-
tachment of nonspecific biomolecules and microorganisms [45]. In
addition, this mobile water layer could take away the pollutants
from the surface and therefore lead to self-cleaning ability [46].
Based on these characteristics and potential, superhydrophilic sur-
faces can be an essential building block to prevent the biofilm for-
mation. For example, Park et al. [47] developed antibacterial multi-
layer coatings for oral environments composed of carboxymethyl-
cellulose (CMC) and chitosan (CS). The coatings were made porous
and rough through a two-step cross-linking process. This resulted
in a superhydrophilic surface that prevented bacterial adhesion and
exhibited activity against Streptococcus mutans additionally through
the release of an antibacterial agent. Surfaces coated with super-
hydrophilic CMC/CS multilayer coatings showed a contact angle of
approximately 2.75° and the test of antibiofilm effects exhibited
around 80% reduction of Staphylococcus aureus and Pseudomonas
aeruginosa biofilms at 24 h without antibacterial agents [48].

2.1.2. Superhydrophobic surfaces

Inspired by lotus leaves [49] and striders [50] in nature, super-
hydrophobic surfaces are usually obtained by hierarchical micro /
nano structures [51] and materials with low surface energy [52].
The water contact angle of superhydrophobic surface is >150°
and its sliding angle is <10°. It has been demonstrated that when
superhydrophobic surfaces are exposed to external environment,
an air layer will form and fill in the micro /| nano structure of
the superhydrophobic surface, which can reduce adhesion of
bacterial cells on the surface of the material [53]. Therefore, su-
perhydrophobic surfaces have also been proposed for antibacterial
applications. As example, Zeng et al. [54| presented a biomimetic
superhydrophobic coating for anti-blood adhesion based on a
novel flower-like micro-nanoparticle deposited together with CS
(positively charged) via electrophoretic deposition. The results
indicated that the superhydrophobic coating with high contact
angle of 157.89 + 2.18° can repel Escherichia coli adhesion.

2.1.3. Electrostatic repulsion

Since the net electrostatic charge of most bacterial cell walls is
negative at neutral pH, by applying the Derjaguin-Landau-Verwey-
Overbeek (DVLO) [55], originally developed for colloidal interac-
tions, it has been pointed out that the adhesion of bacteria to
surfaces may be affected by electrostatic repulsion at physiologi-
cal pH [56]. In addition, bacterial cell surfaces also acquire charges
through specific adsorption especially from multivalent cations
[57] and the specific adsorption is influenced by the ability of mul-
tivalent cations to form chemical bonds with negatively charged
groups on the surface [58]. Via combining anionic HA with poly-L-
lysine by lay-by-layer (LbL) assembly, Alkekhia et al. [59] obtained
coatings which could reduce the adhesion of S. aureus, likely at-
tributed to significant film hydration and electrostatic repulsion.

2.2. Contact-killing surfaces

Since some coated surfaces with certain bactericidal compo-
nents or groups can cause physical damage to bacterial cells [60],
or exert non-specific oxidative stress on bacteria rather than at-
tacking specific targets such as ribosomes [61], they can act as
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contact-killing surfaces without leading to antibiotic resistance of
bacteria. Besides that, compared to biocides, such as silver or tri-
closan, which could contribute to the environmental pollution and
increase of toxicity if they are leached out at too high speed,
polysaccharide-based contact-killing coatings, such as CS and its
derivatives, could be a more sustainable alternative [62]. The an-
tibacterial effect of polysaccharides depends on many factors, such
as cell surface structure, surface adhesives, polysaccharide adsorp-
tion, proteins involved in the adhesion process, cell hydrophobicity,
and electrostatic interactions between cells and host surfaces [63].
All the constitutes multiple opportunities for developing polysac-
charides into antibacterial materials for coatings.

2.2.1. Polysaccharides with inherent antibacterial properties

Some polysaccharides have unique characteristics that can play
an antibacterial role through various mechanisms. For example,
EPS extracts from Pleurotus flabellatus strain and Mynuk mycelium
can inhibit the adhesion activity of bacteria [10]; CS [11], xanthan-
oligosaccharide [64] and sulphated polysaccharides extracted from
Chlamydomonas reinhardtii [16] can inhibit the formation of cell
membranes. Therefore, these polysaccharides could have direct po-
tential as ingredients to fabricate antibacterial coating formula-
tions. In order to cope with catheter-associated infections, for ex-
ample, Bracic¢ et al. [65] used colloidal polysaccharide complexes
to functionalize the surface of silicone catheter tubes. The results
showed that the coatings improve the antimicrobial activity both
against Gram-positive and Gram-negative bacteria.

2.2.2. Functionalized polysaccharides

Through surface modification, some polysaccharides can be en-
dowed with new functions, while the original biocompatibility can
be preserved [66]. For example, cellulose and nanocellulose cannot
exert antibacterial activity alone but with surface functionalization,
especially the chemistry of the hydroxyl function, they can be en-
dowed with bacteriostatic properties [67]. In some cases, benefited
by their high specific surface area and stiffness, cellulose could be
also used as additives to overcome the disadvantages of polysac-
charides coatings, such as poor mechanical strength and chemi-
cal stability [68]. Naturally, even polysaccharides with inherent an-
tibacterial properties can show stronger bactericidal effects after
the introduction of new components such as antimicrobial pep-
tides (AMPs) [69], or functional groups such as quaternary am-
monium compounds (QACs) [70]. Therefore, modified polysaccha-
rides can be used as matrices or additives as part of antibacterial
coating formulations. This approach could open new doors for the
healthcare and food industries. As examples, aiming for long-term
antibacterial activity on catheters, versatile antibacterial surfaces
with amphiphilic quaternized chitin-based derivatives were pre-
sented by Xie et al [71]. In addition, Paris et al. [72] investigated
two strategies for immobilization of AMPs and fabricated antibac-
terial coatings based on hyaluronic acid (HA).

2.3. Antimicrobial agent releasing surfaces

Repelling bacteria or killing them on contact is clearly the best
strategy for antibacterial coatings, because it is less likely that they
lead to resistance development [73]. However, in some cases there
is a need for a polysaccharide coating that can release an antimi-
crobial agent. For example, in many environments, polysaccharide
surfaces become covered through nonspecific binding, and eventu-
ally they will completely lose their antibacterial activity. Similarly,
a high concentration of bacteria will leave dead cells on the coating
surface [74], which may also significantly affect the long-term an-
tibacterial properties of the coating. Impregnated biocides used in
polysaccharide coatings, such as silver [75], copper [76], selenium

[m5G;July 31, 2023;7:22]

Acta Biomaterialia Xxx (XXXx) XxX

[77], zinc oxide [78], titanium dioxide [79] etc., can be simply re-
leased killing surrounding bacteria. Antibiotics and some function-
alized polysaccharides are also used as releasing agents in surfaces
made for medical applications [80].

To achieve good controlled-releasing properties, gellan gum
could be a desired option to load with antimicrobial agent [81]. For
example, recently, Hua et al. fabricated gellan gum-based coatings
on 3D printed scaffolds, crosslinked with both isoniazid and ri-
fampicin as drugs, on porous tantalum for the application of med-
ical scaffolds and the obtained coatings showed significant bacte-
ricidal effects against S. aureus [82]. The simultaneous release of
different biocides from coatings is more efficient than the release
of one biocide alone [83]. Shadpour and Nasim [84] proposed a
new strategy for preparing sodium alginate-pectin composite and
nanocomposite films which showed biocompatibility, bioactivity,
and antibacterial properties. Previously, Zhengxin et al. [85] re-
ported a facile method for producing silver nanoparticles using sol-
uble soybean polysaccharide and further investigated the applica-
tion for food packaging [86].

To summarize, a broad range of strategies for the design
of antibacterial polysaccharides are available through antifouling,
contact-killing and agent-releasing means (see Table 2). We distin-
guish here between antibacterial formulations — compositions that
have antibacterial properties — and antibacterial coatings - mate-
rial formulations that have been deposited onto a surface/substrate
using a coating technology. In the latter case, the manufacturing
method in-itself can be an enabler of antibacterial activity, and the
manufacturing parameters used in the coating process are criti-
cal for the performance thereof. In addition, converting a material
formulation into a viable antibacterial coating depends on other
intrinsic physical properties of the formulations, such as rheolog-
ical, electrical, interfacial, that are emphasized in this review. In
addition, for antibacterial strategies that rely on material surface
topography, such as hydrophobic, the key challenge is developing
scalable coating technologies for their large-scale fabrication. Ad-
ditional factors that could influence the antibacterial performance
of polysaccharide-based coatings and that are not emphasized in
this review are related to the mechanical properties of the coating
that can affect bacterial adhesion, effect considered to be a com-
bination of material properties, bacterial shape and motility and
experimental conditions [36].

3. Methods for assessing antibacterial properties of coatings:
good microbiology practices and comparability of results

Before considering any factors influencing the performance of
antibacterial coatings, we need to first consider the diverse meth-
ods for assessing antibacterial properties and what they entail
when attempting to comparatively evaluate the coatings’ antibac-
terial performance.

3.1. Methods to examine the antibacterial activity against bacterial in
planktonic state

Currently, there is no clear standard for antibacterial testing in
the field, which leads to difficulties with reproducibility and com-
parison of results from different studies. Many published articles
in this field mainly use disk diffusion and measurement of opti-
cal density to monitor the bacterial growth or inhibition thereof to
examine the antimicrobial effect of polysaccharide-based systems.
In disk diffusion, test agents, e.g., coating materials, are placed on
agar plate, where they diffuse and inhibit the bacterial growth
around the deposition site, resulting in a clearance zone [88,89].
Although disk diffusion testing is used in many clinical microbi-
ology laboratories for routine antimicrobial susceptibility testing, it
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Table 2
Overview of findings regarding the antibacterial mechanisms of polysaccharides.
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Antibacterial
mechanism

Composition

Bacteria tested

Findings

Bacteria-repellent,
Contact-killing [47]
Bacteria-repellent
Agent-releasing [48]
Bacteria-repellent
Contact-killing [54]

Bacteria-repellent
Contact-killing [59]
Contact-killing [65]

Contact-killing [87]
Bacteria-repellent
Contact-killing [71]

CS, CMC
CS, CMC

s,

Titanium
phosphate
particles

HA, poly(l-lysine

CS, HA

Pectin, orange oil
Quaternized chitin
and chitosan

S. mutans

S. aureus, P.
aeruginosa
E. coli.

S. aureus,

P. aeruginosa

E. coli., Candida
glabrata,
Streptococcus

agalactiae and S.

aureus
S. aureus
S. aureus, E. coli

prevent bacterial adherence and showed a 75% reduction in bacteria
anti-adhesion and drug-delivery capabilities

mechanical durability, anti-bacteria adhesion and significantly anti-blood adhesion properties

reduced bacterial attachment and inhibited planktonic bacterial growth

Enhanced antimicrobial activity against pathogen bacteria and the antifungal activity

Enhanced antibacterial efficacy
Biocompatibility, antibacterial properties, and resistance to bacterial adhesion

Enhanced antibacterial efficacy

Biocompatibility, good antibacterial properties

Bacteria-repellent HA, nisin Staphylococcus
Contact-killing [72] epidermidis
Agent-releasing [82] Gellan gum, S. aureus

dopamine,

isoniazid,

rifampicin

Agent-releasing [84] ALG, pectin, TiO2 S. aureus, E. coli

nanoparticles

Bioactivity and antibacterial characteristics with no cytotoxicity

only provides qualitative results by categorizing bacteria as suscep-
tible, intermediate, or resistant to tested materials [90-92]. In this
sense, if a certain antimicrobial polysaccharide formulation has the
ability to inhibit bacterial growth, clearance can be readily visible
as an antimicrobial activity. However, bacterial growth inhibition
does not always mean that the test agent is killing the bacterial
cells. Therefore, this method cannot distinguish bactericidal and
bacteriostatic effects. While the method can confirm the growth
inhibitory effect of tested agents, it does not provide any clue for
the minimum inhibitory concentration (MIC) that completely in-
hibits the bacterial growth and minimum bactericidal concentra-
tion (MBC) that completely deactivates the bacterial cells. In ad-
dition, high molecular weight polymeric systems may impede the
diffusion of antibiotics or small molecules, which may lead to false
negative results.

Another measurement commonly used is optical density (OD),
which measures bacterial growth generally based on the increase
in turbidity. The size of bacteria (e.g., increase in cell volume ver-
sus dividing bacterial cells), released pigments, extracellular ma-
trix produced by bacterial cells, dilution of bacterial culture and
the polysaccharides as well as any additives, e.g., nanomateri-
als/hybrids, in the test agent itself may influence the OD readings
[93-95]. The method cannot distinguish between bacteriostatic and
bactericidal effects. Even a complete inhibition in bacterial growth
does not always mean the test material is bactericidal and can-
not distinguish the density of live/dead bacteria [94,95]. The use of
these methods should be restricted only to screening, to test an-
timicrobial efficiency of polymeric or composite materials does not
give complete picture of antimicrobial efficiency instead sometimes
may underestimate the antimicrobial potential. Thus, these meth-
ods should be avoided to examine the antimicrobial properties of
polymer-based coatings. Instead, traditional but quantitative meth-
ods should be used.

If the developed coating formulation is soluble or dispersible in
water, which is the case of most polysaccharides, MIC and MBC
can be examined by simple and broth microdilution assay [96].
Here the test agent is serially diluted (2-fold dilution) in culture
medium and the bacterial inoculum containing same number of
colony forming units is loaded. After 18-24 h of incubation at the

required temperature the MIC concentration can be determined ei-
ther by visual observation of bacteria or by measuring OD at 600
nm (spectrophotometry). To avoid the possible interference caused
by the test material, OD of serially diluted test agent in same
medium without bacteria (incubated in same condition) can be
used as a background signal. Thus, the background OD can be sub-
tracted from sample OD to calculate the MIC. From the same set of
prepared samples, a fraction thereof can be spotted in agar plates
to determine the MBC. The minimum concentrations that show no
growth of bacteria in agar plates after 24 h of incubation can be
considered as MBC. The reproducibility, quantitative analysis and
requirement of small amount of test agents are key advantages of
broth microdilution assay.

Counting colony forming units (CFU) is the best method for ac-
curate counting of viable bacterial cells. This method provides the
total number of live bacterial cells in the sample, thus making it
easier to compare the antimicrobial efficiency of completely differ-
ent tested agents quantitatively, with respect to their control coun-
terparts [5,6]. Studies aiming to demonstrate the antimicrobial ef-
fect against bacteria in suspensions, time Kkill assay based on CFU
method could be used to gain the better insight on antimicrobial
potential [97,98].

The time kill assay can be complementary to MIC and MBC de-
termination since these values are key for the selection of concen-
trations for time kill assay. In general, twice or four times the MIC
is considered as starting concentrations for time kill assay [99,100].
The method provides the dynamic interaction between test agents
and used microbial strains revealing the time and concentration
dependent antimicrobial activity. The result from time Kkill assay
can also be used to further clarify the bacteriostatic and bacteri-
cidal activity of test agents. If the agent/material found is to be
bactericidal, scanning electron microscopy (SEM) or transmission
electron microscopy (TEM) can be used to demonstrate the mor-
phological alteration of bacterial cells.

3.2. Methods to examine anti-biofilm activity

The effect of polymeric systems (test agents) against
biofilms can be tested either in terms of prevention of biofilm
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formation or disrupting the already formed bacterial biofilms. If
the test agent is expected to be used for treatment, its efficiency
to disrupt preformed biofilms is more relevant. If such test agents
are used as coatings on other substrates, the efficiency of such
coatings to prevent the bacterial colonization or biofilm formation
can be examined. To test the effect against the preformed biofilms,
different concentrations and treatment times can be used. After
the treatment, antibiofilm activity can be tested by means of
viability determination (CFU method), quantification of biomass
and 3-dimensional imaging of biofilm matrix using confocal laser
scanning microscopy [101,102]. In addition, scanning electron
microscopy (SEM) can be used to demonstrate the morphological
alteration in bacterial cells and biofilm matrix after exposure to
antibacterial coatings, providing mechanistic insights. To exam-
ine the potential of test agent coated surfaces to prevent the
biofilm formation, bacterial cells can be grown on surfaces for a
desired time period to evaluate bacterial adhesion and growth
on the surface. The viability of bacterial cells can be determined
by means of CFU. The decrease in number of CFU on coated
surfaces can be either due to the bactericidal activity of coated
materials or due to prevention of bacterial colonization [103].
To differentiate these possible phenomena, live/dead viability
staining should be used and examined using fluorescence or
confocal laser scanning microscopy. The live/dead staining can
be used not only to differentiate between the density of live
and dead cells but also to enable the distinction between the
bactericidal effects and with anti-adhesion potential of the tested
materials [104,105].

To summarize, several methods are available to assess antibac-
terial activity against free-living bacteria (planktonic state) and
anti-biofilm activity. Critical for enabling a quantitative comparison
across polysaccharide-based formulations and coatings are meth-
ods that are not susceptible to other types of interference, e.g.,
unknown processes affecting turbidity measurements, and distin-
guish between bacteriostatic and bactericidal effects and the de-
termination of established quantitative parameters such as the
minimum inhibitory concentration, minimum bactericidal concen-
tration, counting colony forming units (CFU) and live/dead stain-
ing. We strongly encourage authors of future studies to use CFU
method, combined with live-dead staining and SEM, as the new
standard in the field [106,107]. However, for coatings that rely
on structural effects induced through the fabrication method,
further challenges may be encountered for antibacterial activity
evaluation.

4. Polysaccharide-based antibacterial coating technologies

Since the photographic films emerged in 19t century, the so-
lution casting has started to be shown in the fabrication of poly-
mer films and coatings [108]. In the process of solution cast-
ing, the polymer phase is dissolved in water or another non-
aqueous volatile solvent and then cast on a flat surface followed
by the evaporation process to remove the solvent phase. Due to
its simplicity, the method of solution casting has been sometimes
adopted to produce antibacterial coatings, combined with vari-
ous polysaccharides including pectin [109-111], chitosan [112,113]
etc. The design of solution coasting is mainly aimed at laboratory
scale, however, while other lab-scale coating methods have higher
potential for large-scale production. In the following, we analyze
polysaccharide-based coatings obtained using some of the most
common coating technologies with industrial potential. In addi-
tion, for each technique, we also outline the operating principle,
main processing parameters and advantages and disadvantages of
the techniques. The key findings are summarized in tables that can
be found at the end of each section.
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Fig. 3. Schematic showing the main steps of dip-coating: dipping the substrate to
solution followed by dwell time and withdrawal of the substrate and the final step
of drying/evaporation to make the coating rigid.

4.1. Dip coating

Dip coating is arguably the most simple and one of the most
popular industrial techniques for developing coatings with thick-
nesses ranging from 20 nm to 50 pm [114,115]. The dip-coating
method can be separated into four steps, as shown in Fig. 3. The
first step is dipping, whereby the substrate is immersed into a tank
containing a precursor solution. Following dipping, the substrate
is kept in the solution for a fixed time. The time for which the
substrate is held inside the precursor solution is called dwell time,
which is the second stage of the process. The substrate is kept in
the solution until the coating material fully covers it. In the third
step, the substrate covered by the coating solution is withdrawn at
a constant speed while avoiding any judders.

The thickness of the coating depends upon the speed of with-
drawal and viscosity of the solution under controlled temperature
and atmospheric conditions [115]. The last step in a dip-coating
process is evaporation or drying of coating solution to make a rigid
coating that is well adhered to the substrate and can be used for
the desired applications [116].

The dip-coating method is cost-effective for large-scale pro-
duction, along with the advantage of setup being easy to install
and operate with less maintenance [116,117]. The method is also
easy to implement in laboratory environments; therefore, it has
been explored by many researchers to develop antibacterial coat-
ings. Moreover, the antibacterial capability of dip coating process
has been used in several significant areas such as textiles, med-
ical devices, packing material, implants, membranes, paper coat-
ing, and wound healing [118-122]. The abundant hydroxyl groups
on polysaccharides allow them to easily disperse or dissolve in the
coating precursor solution due to their strong water-binding abil-
ity. In addition, film-forming properties during evaporation | dry-
ing enable polysaccharides to maximize the benefits of dip coating



JID: ACTBIO

H. Ruan, A. Aulova, V. Ghai et al.

CS/PVA solution

Glass plate Eﬂ ) MOd'f:(ed HE
T SR
| |

Casting == Coating

NWF -

CS/PVA/NWF
composite membrane

[m5G;July 31, 2023;7:22]

Acta Biomaterialia Xxx (XXXx) XxX

HNTs dispersion

Coagulating bath
= T
- NIPS == Depositing

== HNTs@CS/PVA/NWF
hybrid membrane

Fig. 4. Schematic showing membrane fabrication process having CS, PVA, and halloysite nanotubes deposition using dip coating process [125]. Reprinted from Journal of
Membrane Science, 594, Wang, Z. et al., Environmentally-Friendly Halloysite Nanotubes@ Chitosan/Polyvinyl Alcohol/Non-Woven Fabric Hybrid Membranes with a Uniform
Hierarchical Porous Structure for Air Filtration, 117445, Copyright (2020), with permission from Elsevier.

for industry and provide researchers plenty of possibilities to inno-
vate [123].

4.1.1. Dip-coated polysaccharide coatings for fabric and paper
industry

In developing antibacterial coatings, Nawaz et al. [124| demon-
strated the use of dip-coating method for fabricating a modified
nonwoven cotton fabric which showed significant antibacterial ef-
ficacy against four different bacterial species. For coating develop-
ment, KOH-treated cotton fabric was coated with silver nanoparti-
cles followed by dip coating in 2% CS solution for 2 minutes. After
the prepared layer was dried at 60 °C for 60 min, the Ag and CS-
coated cotton fabric surface was further chlorinated as a final step
in developing an antibacterial coating. It was observed that the de-
veloped coating showed a significant increase in bactericidal activ-
ity. Analysis showed that the inactivation of bacterial growth was
achieved due to the release of halogen (Cl*) from the coating to
the growth medium. Dip-coating of CS/polyvinyl alcohol (CS/PVA)
blend on non-woven fabric for air filtration membranes was de-
veloped by Wang et al. [125], see Fig. 4. The developed structure
(pore size of 2.88 wm and porosity of 67.5%) showed significant en-
hancement in air filtration efficiency (96.8%), tensile strength (25.5
MPa) and higher bacterial efficacy, determined using OD and CFU
method. Thus, the coatings showed a percentage reduction in CFU
of up to 99.1% against S. aureus and 96.6% against E. coli. Apart
from using dip coating for textiles, Jung et al. [126] developed a
silver-CS-based coating to enhance the properties of Korean tradi-
tional paper, Hanji. A coating solution was prepared by mixing 1.5
wt.% CS in AgNO5 solution. The developed coating was further di-
luted in different ratios of 1/10, 1/100 and 1/1000. Using the dip-
coating process, Hanji was coated by dipping for 30 s in the solu-
tion followed by drying at 90 °C for 10 min. The paper showed
enhanced tensile strength (1/10), burst strength (1/100) and oil
resistance (1/10) at the indicated diluted solutions. However, the
developed coating exhibited higher antibacterial properties on all
the diluted solutions against E. coli, i.e. inhibition zones > 1 mm
and percentage reduction in CFU (JIS Z 2801 standard for hard and
smooth plastic surfaces) relative to the control of up to 99.9%, for
the highest Ag nanoparticle content, as expected. Importantly, the
coating formulation significantly influenced the surface morphol-
ogy of the coating, with the highest performing antibacterial coat-
ing being also the smoothest.

4.1.2. Dip-coated antibacterial polysaccharide coatings for food
preservation and packaging

Specific work on developing materials for food packing has
been performed by Hongsriphan & Sanga [127]. They de-
veloped a CS-based coating on corona-treated polylactic acid
(PLA)/polybutylene succinate (PBS) blends. A corona discharge en-
ergy of 4 A was applied to the blend of 90% PLA and 10% PBS
to develop the coating. Further, the substrate was dip-coated in
a CS solution for 30 min and dried at room temperature for 24
h. The developed coating showed enhanced mechanical and an-
tibacterial properties and reduced water vapor transmission. It was
observed that microorganisms reduced considerably with an in-
crease in the CS concentration, with up to 99% percentage change
in CFU method against E. coli (Gram-negative) and 88% against S.
aureus (Gram-positive bacteria). This reduction was attributed to
the amino group (NHs;™) present in CS, which caused severe dam-
age to the cell membrane of bacteria by changing permeability. In
another study, Yuan et al. fabricated a multi-component coating
using sodium alginate/gum arabic/glycerol and natamycin [128].
The developed coating enhanced the shelf life of sweet potatoes
to 120 days. The coating also demonstrated substantial antibac-
terial activity against Penicillium, Aspergillus, Rhizopus, and yeast,
with an increased inhibition zone of 118%, 97%, 166%, and 133%,
respectively. In addition, it was observed that coatings exhibit an
antibacterial activity with a minimum 40 pg/mL concentration of
natamycin in the film solution. However, with an increase in the
concentration of fillers, the transparency of the coating is reduced,
but the mechanical, barrier properties and thermal stability are en-
hanced. Sanchis et al. [129] used pectin-based coating to further
enhance the shelf life of food products. It has been shown that
the peeled and cut pieces of persimmons when dip-coated for 3
min using apple pectin coating, obtain an enhanced antimicrobial
efficacy against E. coli, S. enteritidis, and L. monocytogenes. More-
over, with the addition of citric acid and calcium chloride in the
present coating solution, the coatings not only extend the shelf life
of persimmons up to 9 days but also acts as an anti-browning and
firming agent.

4.1.3. Dip-coated antibacterial polysaccharide coatings for medical
applications

The dip-coating process has been extensively used in the med-
ical area to fabricate various devices. Yang et al. [130] devel-
oped hydrogel coatings using a dip-coating process for urethral
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catheters. The coated formulations included HA and CS. The devel-
oped coatings had low friction (an application requirement) and
showed a reduction in percentage of live cells from LIVE/DEAD
BacLight Viability assay, down to 4.70 + 0.95% against E. coli for
polyurethane-substrates with catechol-conjugated-CS coatings con-
taining Ag nanoparticles and down to 59.12 + 5.16% for the same
substrate/coating combination. Interestingly, because of particulate
agglomerates present in the formulation, the coatings, when de-
posited on the polymers, increased the surface roughness. This de-
creased the friction coefficients, which further had a synergic effect
in tailoring the surface energy and making it hydrophilic, which
can be beneficial for certain applications.

One of the significant applications of polysaccharide-based an-
tibacterial coatings is in medical implants. However, achieving the
optimal thickness required for coatings to have an antibacterial
effect and bioactivity is the main challenge from manufacturing
point of view. Li et al. worked towards shedding light on this by
developing a hydroxyapatite-CS-based coating using a dip-coating
process [131] on a micro- nanostructured substrate. Hydroxyap-
atite deposited on the Ti surface using the micro-arc oxidation
technique showed enhanced cell adhesion, spreading and prolifera-
tion along with enhanced antibacterial efficacy, i.e., inhibition per-
centage increase (inhibition rate) proportional to the CS content of
up to 65% by bacterial counting method, inhibition zone test and
OD measurement. In addition to using the dip-coating process for
Ti implants, the method has potential for developing antibacterial
coatings for wound dressing applications. Liu et al. [132] developed
a similar CS-based superhydrophobic coating on cotton gauze for
skin wound dressing. The coating formed was retained on the cot-
ton even after three washing cycles which shows the stability of
the layers. During antibacterial testing, it was found that the devel-
oped PFDT/GA@AgNPs/CS coating showed no live bacteria attach-
ment even after using a high concentration of bacterial suspension,
offering enhanced antibacterial properties against E. coli (99.99%)
and S. aureus (99.97%). The quantification refers to a bacterial anti-
adhesion rate defined as a percentage reduction in CFU relative to
the control. In another study, Brindhadevi et al. [133] demonstrated
a process to develop an antibacterial fabric for fast wound healing
using silver nanoparticles with labdanum and sodium alginate. The
developed fabric showed enhanced antimicrobial activity with 45
mm and 42 mm inhibition zones against gram-positive (S. aureus)
and gram-negative bacteria (Klebsiella pneumonia).

Despite many applications of dip coating, it also suffers from
several limitations, such as unbalanced surface coverage and the
presence of defects due to instabilities in equipment or during
withdrawal speeds. Dip coating defects may also occur due to the
atmospheric conditions during the coating or due to the viscoelas-
tic and chemical properties of the solution to be coated on the
sample. One of the common issues during the dip-coating process
is wettability. However, with several preventive steps, these defects
can be minimized but cannot be fully eliminated from the pro-
cess. A summary of the main findings of the section is presented
in Table 3.

4.2. Spin coating

Spin coating is used to produce highly uniform coatings on flat
surfaces using centrifugal forces. Spin coating (as shown in Fig. 5)
is broadly described in four steps: deposition, spin-up, spin-off,
and evaporation [134]. Thus, the substrate is placed on the spin
coater equipment. The solution to be deposited on the substrate
is dispensed at the center of the substrate, which is then spin-
up followed by spin-off at high velocities of 500 to 10000 rpm
[135,136]. The rotation of the coater continues to achieve spin-off
of the excess material, which leads to the desired coating thick-
ness [137]. The achieved coating is then bound to the substrate by
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evaporation of solvents in the solution or UV curing, depending
upon the coating solution [138,139]. In this process, the coater’s ro-
tational speed and the solution viscosity are the two significant pa-
rameters influencing coating thickness [139]. Other factors consid-
ered during the spin coating process are solvent evaporation rate,
spin time, and surface wettability [140].

Many researchers have used the spin coating for various an-
tibacterial coatings due to the ease of deposition of multiple types
of materials in solution form [120,141,142]. The most common so-
lutions used for the spin coating process are polymers, biomateri-
als, and different kinds of nanomaterials (suspensions). Moreover,
industrial demand for spin coating has increased rapidly in the last
few years due to its capability to quickly produce uniform coat-
ings ranging from nm to a few micrometers, relatively inexpen-
sively [134].

4.2.1. Spin-coated polysaccharide coatings for biomedical implants
One of the vast applications of spin coating is for biomedical
implants and the major challenge is the poor adhesion of the coat-
ing to the substrate surface and the uniformity of the coating on
a curvature surface. However, these challenges could be addressed
by the addition of cationic and anionic polysaccharides via elec-
trostatic effects [143]. Vakili and Asefnejad [143] have fabricated
CS and alginate (ALG) coated titanium implants. During the spin
coating process, a solution of CS and ALG was dispensed on the
Ti implant at an optimum speed of 8000 rpm to obtain a uniform
coating that showed an adhesion strength as high as 8 MPa. The
Ti-coated sample was further analyzed for antibacterial behavior
for E. coli. The CS and ALG coating showed a percentage reduction
in CFU method of up to 36% (attributed to CS) and facilitated
implant bone regeneration. Interestingly, while cellular viabil-
ity via in vitro cytotoxicity tests was improved with increasing
rotational speed during spin coating, this was not reported for bac-
terial growth inhibition. Similar to this, CS/oxacillin-melittin and
CS/vancomycin-melittin coatings on Ti implants were developed
for better antibacterial capability and the elimination of biofilm
formation [144]. Using the spin coating process, both CS/oxacillin
and CS/vancomycin coatings were deposited on the different Ti
implants. The coating solutions were deposited on the Ti substrate
at 600 rpm and rotated for 1 h to obtain a 15 um thick coating.
Further, a thin layer of melittin was cast on top of the coating to
obtain the final multilayer Ti-coated implant. Due to the presence
of melittin on top of CS, Ti implants behaved as a bactericidal sur-
face. Moreover, when the melittin is combined with CS/oxacillin,
it deactivated all the methicillin-resistant S. aureus in less than
6 h. When the melittin is combined with CS/vancomycin, the
vancomycin-resistant S. aureus bacteria was killed in less than 3
h, confirming a unique synergism in both melittin chitosan-based
coatings. To further develop a polysaccharide-based antibacterial
coating on Ti, Yu et al. developed a hybrid coating consisting
of lysozyme, CS, silver (Ag), and hydroxyapatite (HAp) [145]. To
achieve an antibacterial effect, a CS/Ag/HAp coating was first de-
posited by electrochemical deposition on the Ti implant, followed
by spin coating (5000 rpm for 30 s) of Lys with a total thickness
of 14 pum. The developed coating showed a porous hierarchical
nanostructure which helps in enhancing the antibacterial effect
against both S. aureus and E. coli. We note that the porous surface
structure was induced in a pre-processing state by alkali-heat
treatment of the Ti surface. It is, therefore, not entirely clear to
what extent spin coating is relevant for the application as opposed
to dip-coating. It has been observed that the antibacterial effi-
ciency, determined as percentage change relative to control based
on optical density (OD) measurements through spectrophotometry,
the coatings could reach up to 95.42% and 97.46% against E. coli
and S. aureus. This was combined with very low toxicity compared
to the non-toxic pure Ti samples. Following a similar procedure,
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Table 3

Summary of target products, compositions, antibacterial efficiency, and process parameters for dip-coatings.
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Products

Compositions

Antibacterial Efficiencies

Process Parameters

Cotton fabric for
wound dressing
[124]

Antibacterial coating
for food preservation
[128]

Antimicrobial Pectin
based coating [129]

Enhancing Hanji
paper properties
[126]

Chitosan composite
for air filtration
[125]

Food packing coating
[127]

Antibacterial coating
for urethral catheters
[130]

Chitosan coating for
biomedical implants
[131]

Chitosan based
Superhydrophobic
wound dressing
[132]

Alginate based
Superhydrophobic
wound dressing
[133]

Nonwoven cotton fiber was first coated
with Ag nanoparticles (0.04 M silver
nitrate) and dried at 65 °C for 90 min. A
second layer of chitosan (2%) was
deposited using dip coating process. To
further form N-halamines, chitosan
coated substrate was dipped in a 10 mL
sodium hydrochloride solution for 30
min followed by 24 h drying.

Sodium alginate (2.5%), gum arabic (1%),
and glycerol (2%) were mixed with
deionized water (94.5%). Further, the
above prepared solution was added to
different concentration of natamycin
solutions to prepare various coatings
solutions.

Apple pectin along with citric acid,
calcium chloride and nisin were added
to develop the coating solution.

Hanji papers were dip coated using a
solution containing chitosan (1.5 wt.%)
and AgNOs (30 mmol).

Nonwoven fibric was coated with
TiO,/H, 0, hydrosol. Further a solution
of CS (2.1 g) and PVA (4.9 g) in a 0.2
mol L~ adipic acid was coated on
fabric. A top layer of halloysite
nanotubes were deposited via vacuum
filtration to fabricate composite
membrane.

Chitosan (various concentrations)
solution was coated on corona-treated
or untreated polylactic acid (90%) and
polybutylene succinate (10%) extruded
sheets using dip coating process
Chitosan hydrogel coating was
deposited on PU and PVC using
catechol-conjugated solutions in a dip
coating method. Catechol-conjugated
HA (3mg/mL), HSA (5 mg/mL) and CS
(5mg/mL) were prepared. Silver
nanoparticles were added to the
hydrogel coating to enhance
antibacterial properties

Hydroxyapatite was deposited on Ti
using micro-arc oxidation process.
Further chitosan solution in 2% AA was
deposited by dip coating on
hydroxyapatite coated Ti samples
Cotton fabric was coated with chitosan
solution (5 mg/mL) further a second
layer of gallic acid treated silver
nanoparticles (0.2 mg/mL) was
deposited. A final layer of PFDT (3
pL/mL) was deposited to fabricated the
superhydrophobic coating

Silver nitrate was used to prepare silver
nanoparticles of size 200 nm. Fabric was
coated with silver nanoparticles
followed by deposition of (500 uL)
labdanum and (1g) alginate.

Colony forming units count, M. luteus, S. aureus, E.
aerognes and E. coli after 24 h in incubation at 37
°C

The developed coating showed a significant
increase in the inhibition zone for all the four
types of bacteria. However, the coating showed
lower bacterial activity for Gram-negative
bacteria than Gram-positive bacteria.

Kirby-Bauer method, Penicillium, Aspergillus,
Rhizopus, and yeast after 24 h in incubation at 37
°C

Developed coating exhibits antibacterial
properties with a minimum 40 zg/mL
concentration of natamycin in the film solution.

Colony forming units count, E. coli, S. enteritidis,
and L. monocytogenes after 48 h in incubation at
37 °C

Pectin based coating significantly reduced the
antimicrobial growth. ~It was shown that S.
enteritidis showed highest reduction in the
microbial growth.

Disk diffusion method, E. coli after 24 h in
incubation at 38 °C

Over 1 mm of inhibition zone was observed for
the coated samples compared to the
zero-inhibition zone with neat Hanji paper
demonstrated higher antibacterial activity for the
coated paper.

Colony count method, S. aureus and E. coli after
24 h in incubation at 37 °C

The developed porous membrane demonstrated
significant enhancement in air filtration efficiency
(96.8%) and higher antibacterial rate reaching
99.1% for S. aureus and 99.6% for E. coli

Shake-flask culture method, S. aureus and E. coli
after 24 h in incubation at 37 °C

With a higher chitosan concentration larger
reduction of microorganisms was observed for
both S. aureus and E. coli bacteria.

BacLight bacterial viability kit and Spectro
fluorophotometer, S. aureus and E. coli after 8 h in
incubation at 37 °C

For a silver doped catechol-conjugated chitosan
coating cells reduces drastically to 4.70% and
59.12% for E. coli and S. aureus, respectively.

Bacteria count method and ZOI test, E. coli after
24 h in incubation at 37 °C

It was demonstrated that bacteria reduce
drastically with an increase in chitosan
concentration in the composite

Colony forming units count, S. aureus and E. coli
after 24 h in incubation at 37 °C

Developed multilayer coating demonstrated
higher killing efficiency against E. coli (99.99%)
and S. aureus (99.97%)

Disk diffusion method, E. coli, K. pneumoniae, S.
aureus, B. subtilis, fungus and Aspergillus niger
after 24 h in incubation at 37 °C

The developed fabric showed enhanced
antimicrobial activity with an 45 mm and 42 mm
inhibition zones against S. aureus and K.
pneumoniae.

Chitosan was deposited using a dip
coating process. Ag modified fibers
were dipped for 2 min followed by
drying at 60 °C for 60 min.

Sweet potatoes are dip coated for 1
min in the prepared solutions and
air-dried at room temperature.

Persimmon slices were dip coated in
the pectin-based solution for 3 min
and dried at 5 °C.

Individual Hanji papers were dipped
in the solution for 30 s, followed by
drying at 90 °C for 10 min.

Not reported

5.0 cm x 15.2 cm substrates were dip
coated by immersed in chitosan
solution for 30 min, and dried at
room temperature for 24 h

Polydopamine coated substrates were
immersed in appropriate solutions for
4 h and dried in nitrogen after
washing.

Chitosan was deposited using a dip
coating process. Samples were dipped
for 3 min, followed by rinsing in
water and drying at 55 °C for 24 h

Dip coating process was used to
sequential deposition of multilayers
such as chitosan, gallic acid treated
silver nanoparticles and PFDT for 30
min each

Silver nanoparticles, alginate and
labdanum solution were dip coated on
fabric for min followed by drying in
ambient conditions.

1
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Spin-off

Fig. 5. Schematic of the spin coating process showing various steps involved, from solution dispersion followed by spin-up and spin-off to the final curing of solution on

the desired substrate.

Bare 36.42 nm

Fig. 6. Fluorescence microscopy image obtained using propidium iodide showing antibacterial reduction of Gram-negative bacteria on ALG film having different thicknesses
for 6 and 24 h [147]. Reproduced with permission, © 2016 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Ren et al. developed a catechol functionalized chitosan (CSCT)-Ag
coating on Ti implants [146]. A two-step procedure was used to
create the coating: first, the CSCT was electrodeposited on the Ti
substrate; second, the CSCT-Ag solution was spin-coated with a
speed of 4000 rpm for 40 s on the already deposited CSCT layer.
The 23 pum thick two-layer coating showed inhibition ratios of
96% and 99% against S. aureus and E. coli, respectively, see Fig. 6).
Moreover, the corrosion resistance, hydrophilicity, and adhesion
strength were improved significantly compared to the Ti substrate.

4.2.2. Spin-coated antibacterial polysaccharide coatings for wound
dressing

Ashok et al. [148] developed CS and gelatine based coatings
on polystyrene-co-acrylonitrile (PSAN) microfibers for antimicro-
bial wound dressing. Both CS and gelatine coatings have been de-
posited on PSAN using a spin coating process to achieve a thick-
ness of 4.5 um and 6.22 pm, respectively. It has been observed
that due to the low surface roughness, both these coatings are
ideal for wound dressings. Moreover, it was shown that the gela-
tine coating had a maximum inhibition zone of 14 mm for E.
coli compared to that of CS coating, having 8 mm. Korica et al.,

Thickness of Alg-C/Fe®* films

18.59 nm
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10.15 nm 2.57 nm 0.44 nm

developed CS-based multilayer films using a spin coating process
as a wound dressing material [149]. The films have been fabricated
using various combinations of regenerated cellulose and 2,2,6,6-
Tetramethylpiperidine-1-oxyl radical oxidized cellulose nanofibril
(TOCN) with CS. All the fabricated films use a similar spin coat-
ing protocol (4000 rpm for 60 s and acceleration of 2500 rpm
-1). It was observed that the CS adsorbed sheet provides a max-
imum antibacterial reduction of 99.9% compared to the RC-TOCN-
CN layer (99.8% and 99.6%) for E. coli and S. aureus, respectively
(CFU method). Moreover, when RC films were coated with the mix-
ture of TOCN and CS, there was no antibacterial activity due to the
insufficient presence of amino groups in the film. Apart from CS, a
multilayer coating using ALG film has been developed by Kim et al.
[147] Alginate catechols were spin-coated (4500 rpm for 30 s) on
the desired substrate, followed by crosslinking using catechol-Fe3+-
catechol interactions. In addition to being antibacterial, the devel-
oped coating also had high resistance to protein adsorption (Fib-
rinogen). It was observed that coatings of 10 nm thickness showed
no protein adsorption and had an antibacterial reduction of 99.80%
against E. coli (staining, confocal microscopy and image analysis).
However, the antibacterial effect of the coating could be enhanced
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Summary of target products, compositions, antibacterial efficiency, and process parameters for spin-coating.

Products

Compositions

Antibacterial Efficiencies

Process Parameters

Antibacterial and
bioactive coating
for Ti implants
[143]

Multilayer coating
on Ti implants
[144]

Multicomponent
hybrid coating for
Ti implants [145]

CSCT/Ag coating
for Ti implants
[146]

CS/GA coating for
wound dressing
[148]

Protein-repellent
multilayer coating
[149]

Alginate
antibacterial
coating [147]

Cellulose/PLA for
food packing [150]

0.5% (w/v) CS mixed with 0.5% ALG solution was
spin coated on Ti sheets followed by crosslinking
using 1% calcium chloride.

AA (0.25 vol.%) solution were poured into CS (6
wt.%) powder. 50 pL of obtained solution is spin
coated on Ti substrate. To achieve a CS/Oxacillin
or CS/Vancomycin coatings; each materils was
added separately to CS solution and spin coated
on Ti as a first layer. Second layer of Melittin was
casted (various concentration) on top of first
layer.

Solution contains 2 mg/mL HAp, 2mg/mL CS,
2mM AgNOs and 1% (v/v) AA was deposited on Ti
using electrochemical deposition process. Second
layer of Lys (10 mg/mL) is deposited using spin
coating process to achieve a final coating of
Lys/CS/Ag/HAp-Ti.

Two coatings were deposited on Ti. In First
coating 1% CSCT was deposited on Ti using
electrodeposition process. After first layer,
CSCT-Ag solution (0.1 mg/mL), CSCT (5 mg/mL)
and gelatin (5 mg/mL) were mixed together and
spin coated to fabricate a second layer.

PSAN microfibers were spin coated using CS and
GE separately. To prepare CS solution 100 mg of
CS was added to 10 mL of AA and to prepare GE
solution 0.1 g of GE was added to 5 mL of AA.

100 pL TMSC was spin coated on sensor and
converted to pure cellulose using HCL vapors.
Further a coating of TOCN (50 pL) was deposited
on top of cellulose coating. The developed coating
was names as RC/TOCN film was coated again
with CS (0.5%) by casting approach.

Alginate was conjugated with catechol (15
mg/mL) and deposited on polydopamine-coated
Si/Si0, substrate using spin coating process
followed by crosslinking using
catechol-Fe3+-catechol interactions. Coating with
a thickness of 10 nm was found to be most
suitable for antibacterial properties.

LA (7 g) solution was added to CNC solution (1 to
5 wt.%) and

spin-coated to fabricate antimicrobial coating
with a thickness of 0.2 mm.

Colony forming units count, E. coli after 48h in
incubation at 37 °C

For CS/ALG coated Ti substrate antibacterial activity
increased to 36.31% compared to pure Ti having
4.1%, The best results were obtained at the spin
speed of 8000 rpm.

Colony forming units count, methicillin-resistant S.
aureus and vancomycin-resistant S. aureus after 24h
in incubation at 37 °C.

Melittin coating when applied on chitosan kills the
bacteria more efficiently and prevents biofilm
formation. Melittin when combined with
vancomycin showed extraordinary ability of killing
vancomycin-resistant S. aureus bacteria in less than
3 h.

Colony forming units count, S. aureus and E. coli
after 12h in incubation at 37 °C

The developed Lys/CS/Ag/Hap coating on Ti showed
enhanced antibacterial efficiency of 95.48% and
97.46% against E. coli and S. aureus in 5h.

Disk diffusion method, S. aureus and E. coli after
24h in incubation at 37 °C

Antibacterial rates for the developed two layer
coatings reached 99% and 96% for E.coli and S.
aureus bacteria, respectively.

Disk diffusion method, 16S rDNA identified human
pathogenic bacteria strains after 24-48h in
incubation at 37 °C

Maximum inhibition zone of 14 mm by GE coating
and of 8 mm by CS coating was obtained against E.
coli

Colony forming units count, S. aureus and E. coli
The developed RC/TOCN film with CS absorbed
coating as a top layer provides a maximum
antibacterial reduction of 99.8% and 99.6% for E. coli
and S. aureus, respectively.

Disk diffusion method, E. coli after 14h in
incubation at 37 °C

The developed coating showed high resistance to
protein adsorption along with 99.92% reduction in
bacterial cell adhesion after 24 h at a thickness of
36.42 nm.

Drug release test; E. coli, S. enteritidis and L.
monocytogenes at 37 °C

PLA/CNC films showed enhanced antimicrobial
efficacy.

Various spin speeds were
used: 1000, 4000 and 8000
rpm separately for three
cycles and 30 s each.

Layers were spin coated on
Ti substrate; samples were
rotated for 1h at 600 rpm

Lys is coated at 5000 rpm
for 30 s to achieve a total
coating thickness of 14 pym
on Ti.

Solution was spin coated as
a second layer at 4000 rpm
for 40 s

Both the solution were spin
coated on PSAN separately
at 200 rpm

Layers were spin coated
using a similar procedure:
all layers were spin coated
at 4000 rpm for 60 s with
an acceleration of 2500 rpm
51

Coating was spin coated at
4000 rpm for 30 s

PLA and CNC mixture was
spun coated for 180 s at 150
rpm followed by drying for
4 h at room temperature.

(99.92%) and retained even after 24 h if the thickness was in-
creased to 36.42 nm via processing conditions.

In another work, Shojaeiarani et al. demonstrated a
PLA/cellulose coating leading to hydrophobicity with low water
vapor permeability [150]. Further, tested against various pathogens
such as E. coli, S. enterica and L. monocytogenes, the coating showed
a 0.5-0.6 lg CFU/ml reduction against Gram-positive bacteria (L.
monocytogenes) under 24 h of incubation. Interestingly, the disk
diffusion method also used in the study, showed no bacterial
growth inhibition.

A summary of the main spin-coated antibacterial coatings re-
viewed can be found in Table 4. One of the major limitations of
the spin coating process is the limited size of the substrate [151].
This is due to the restriction in the rotational speed, which leads
to achieving desired films thickness. Apart from this, there is a sig-
nificant material loss during the deposition process as only 2 to
3% of material is deposited on the substrate. The remaining 98 to
97% of material is flung off, causing a very low material efficiency
[139,152]. Moreover, it is extremely difficult to deposit a homoge-
neous thin film with a thickness of less than 10 nm using the spin
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coating process. In the spin coating process, even achieving a mul-
tilayer (more than 2 layers) is challenging due to controlling the
thickness and homogeneity of multilayer films [153]. As described
above, the material’s viscosity plays a vital role in the film thick-
ness. Therefore, solvents are often added to the material to be de-
posited to reduce the viscosity, solvents which evaporate after the
deposition process. However, traces of solvent have been found in
most films, causing reduced efficiency and further film contamina-
tion during application [153].

4.3. Spray coating

Spray coating is widely used in industry as a finishing pro-
cess for painting virtually any type of product [154,155]. The
coating material is directly sprayed on the substrate, as shown
in Fig. 7. For this, compressed air is used to change the coat-
ing fluid into a fine mist under high pressure, which is then
sprayed onto the substrate. Since droplet velocity, surface ten-
sion and fluid viscosity play an important role during the whole
process including droplet formation (atomization) and droplet
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Fig. 7. Schematic showing spray coating process where coating fluid mist is sprayed on the substrate to achieve desired coating thickness. The coating is further dried for

several minutes to achieve better adhesion to the substrate.

wetting and drying, the properties of the feed dispersion such
as solubility and emulsifying properties, are key factors deter-
mining the quality of the final coatings. Therefore, due to their
solubility versatility and the possibility of tuning their molecu-
lar weight, resulting in a wide range of physicochemical proper-
ties and applications, polysaccharides are suitable for spray coating
[156]. Spray coating of polysaccharides finds several applications
in the field of antibacterial and anti-fouling surfaces [157]. The
process was used to deposit various polysaccharides to enhance
the antibacterial effect and protein resistance on the substrate
surface [158-161].

4.3.1. Spray-coated antibacterial polysaccharide coatings for food
packaging

Therefore, Gedarawatte et al. [162] used spray coating for
enhancing the shelf life of vacuum-packed beef by depositing an
edible coating of gelatin and CS. Both gelatin (10%) and CS (1%)
coatings were spray-coated vertically on the steak samples from a
distance of about 45 cm for 2 min with a flow rate of 0.18 L min~!.
Compared to uncoated and gelatine-coated samples, the CS-coated
beef showed some antimicrobial effects (up to 21 days) with no
change in the meat pH, color, and tenderness. The antimicrobial
effect of the coating was determined against lactic acid bacteria
and Brochothrix thermosphacta, while also testing for the presence
of E. coli, via agar plate CFU method. In another study, Jovanovic
et al. [163] developed various coatings by combining both bio-
polymers (chitosan-gelatin, pectin-gelatin) with lemongrass essen-
tial oil and ZnO, as active components. The developed coating was
spray-coated on cardboard boxes containing fresh raspberries. The
chitosan-gelatin coating with any of the active component showed
highest antibacterial efficacy against E. coli, B. subtilis and S. au-
reus along with enhanced mechanical properties such as tensile
strength and elastic modulus. In addition, the coating enhanced
the shelf life of raspberries from 4 to 8 days in refrigerator.

4.3.2. Spray-coated antibacterial polysaccharide coatings for paper
and polymer sheets

Using CS, an antibacterial coating for both polymers and met-
als has been developed by Mitra et al. [164]. The micrometer thick
coating of tripolyphosphate (TTP, 0.6 wt.%) and quaternized chi-
tosan (QCS, 5 wt.%) solutions have been sprayed onto plasma-
treated polyvinyl fluoride (PVF) films at a nozzle moving speed
of 50 mmy/sec and air pressures of 0.25 and 1 bar, respectively.
The developed transparent coating (PVP-QCS-50-0.6) demonstrated
a 90% (CFU method followed by live/dead bacteria staining) bac-
terial reduction against both Gram-positive (S. aureus) and Gram-
negative bacteria (P. aeruginosa) compared to pristine PVF surfaces,
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as shown in Fig. 8. After wiping the contaminated surface with
70% ethanol, the coating could be reused several times. In another
study using CS and cellulose, Tyagi et al. [165] have developed a
high-strength antibacterial composite tissue paper using a spray
coating process. CS was mixed with cellulose nanocrystals (CNC)
80:20 by weight and spray-coated to create a lightweight com-
posite coating (CS/CNC) on tissue paper. The CS/CNC coating was
further treated with plasma (P-CS/CNC) to enhance its antibacte-
rial and water retention properties. The developed coating was hy-
drophilic with a contact angle of 40°, which leads to a high-water
absorption capacity; therefore, the tissue paper with composite
coating could be used after the restroom. In addition to this, the
P-CS/CNC coating showed a reduction in bacterial growth (99%) for
Gram-negative bacteria (E. coli) compared to the non-coated tissue
paper, as determined using the ASTM 2149 method. Fig. 9 shows
the bacterial growth on the agar plate after treating the culture
with different coatings in the petri dish.

4.3.3. Spray-coated antibacterial polysaccharide coatings for
biomedical implants

A specific study on plasma spray coating to enhance the
antibacterial effect has been performed by Banerjee & Bose
[166] with depositing an aloe vera gel extract (acemannan) + CS
in doped (silver oxide and silica) hydroxyapatite on Ti implants.
The developed coating showed antibacterial effects against Gram-
positive (S. epidermidis) bacteria as determined from the inhibition
zone of disk diffusion tests. Moreover, silver, silicon, and aceman-
nan in the coating prevented secondary infections, increased an-
giogenic effects, and accelerated healing in load-bearing bone, re-
spectively. In another study, Jia et al. [167] demonstrated enhanced
antibacterial efficacy of water-soluble and nontoxic cellulose-based
photosensitizer (CPS) under 2 min sunlight. To fabricate CPS, pro-
toporphyrin IX and quaternary ammonium salt groups have been
chemically attached to cellulose. The fabricated CPS solution was
sprayed on various substrates and antibacterial efficacy (percentage
change in CFU method) against E. coli (93%) and S. aureus (100%) at
2 min irradiation was found [167].

Spray coating process parameters of importance for the coating
quality are spray nozzle diameter, spray time, substrate distance,
coating fluid velocity, and air pressure, as summarized in Table 5.
Nozzle diameter and distance from the substrate must be optimum
for obtaining the desired thickness and uniformity. Using the spray
coating process, getting a thin film of less than 50 nm is very
difficult. Moreover, compressed air is always required to achieve
a precision coating. In the spray coating process, a high amount
of coating solution (with volatile organic compounds) is wasted,
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Pristine PVF

PVF-QCS-50-0.6

Fig. 8. Fluorescence microscopy images showing live (green colour) and dead (red colour) Gram-positive bacteria strained using dye solution (a,b) on pristine PVF and (c,d)
on PVF-QCS-50-0.6 film [164]. Reprinted with permission from Ref. [164]. Copyright 2016 American Chemical Society.

CS/CNC

P-NO Coat

P-CS/CNC

Fig. 9. Gram-negative bacteria (E. coli) growing on the agar plate having different combinations of cellulose nanocrystals (CNC) and CS coatings with and without plasma
treatment in a Petri dish [165]. Reprinted with permission from Ref [165]. Copyright 2018 American Chemical Society.

which further produces hazardous waste. In addition to this, a sig-
nificant challenge during the spray coating is the requirement for
good ventilation. Depending on the spray-coated material, it can
be highly toxic.

4.4. 3D printing

3D printing was initially patented in 1971 and is nowadays in-
tensively studied and industrially utilized for manufacturing metal,
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ceramic and polymer parts of precise, complex and highly cus-
tomized geometries. Bioprinting is one of the 3D printing tech-
niques that aims at the creation of three-dimensional tissues and
organs, ultimately from living cells. While printing of inks that
contain live cells is an extremely challenging yet rapidly develop-
ing branch of 3D printing, some bioprinting methods can be suc-
cessfully utilized for polysaccharide coating applications. There are
multiple methodologies of bioprinting as reviewed by Blaeser et al.
[168], see Fig. 10, among which, for example, the layer method,
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Products

Compositions

Antibacterial Efficiencies

Process Parameters

CS and GE coatings
for food packing
[162]

Chitosan and
pectin-based
antimicrobial food
packaging [163]

Quanternized
chitosan based
antibacterial
coating [164]

Plasma spray
coating for Ti
implants [166]

Antibacterial tissue
paper [165]

Cellulose based
antibacterial
coating [167]

Two type of coatings were developed. In the first
1% CS solution was prepared and in the second 10%
GE solution was prepared. Both the solutions were
spray coated on steaks separately followed by
vacuum packing.

Various combinations of chitosan-gelatin and
pectin-gelatin with lemongrass essential oil (25%,
w/w) or ZnO (3%, w/w) were prepared.

The micrometer thick coating of tripolyphosphate
(0.6 wt.%) and quaternized chitosan (5 wt.%)
solutions were sprayed onto plasma-treated
polyvinyl fluoride.

Hydroxyapatite powder doped 0.5 wt.% silica and 2
wt.% silver was sprayed on Ti. Acemannan (1 mg)
extracted from aloe vera and (0.5 wt.%) chitosan
was further casted on top of the coating.

Chitosan (CS) is mixed with cellulose nano crystals
(CNC) 80:20 by weight and spray-coated to create
the lightweight composite coating (CS/CNC) on
tissue paper. The developed CS/CNC coating is
further treated with plasma (P-CS/CNC).
Protoporphyrin IX and quaternary

ammonium salt was immobilized on

cellulose chain using ionic liquid.

Furthermore, CPS with

glutaraldehyde was sprayed on

Colony forming units count, lactic acid
bacteria, B. thermosphacta and E. coli after 120
h in incubation at 30 °C

The CS coating shows an enhanced
antimicrobial and antioxidant effect (up to 21
days) with no change in the meat pH, color,
and tenderness compared to GE and uncoated
beef samples.

Disk diffusion method, S. aureus, B. subtilis
and E. coli after 24 h in incubation at 28 °C
The chitosan-gelatin coating showed highest
antibacterial efficacy. Pectin-gelatin coating
with Zinc extended the shelf life of
raspberries from four to eight days

Colony forming units count, S. aureus and P.
aeruginosa, after 2 h in incubation at 25 °C
Developed coating demonstrates a 90%
reduction in bacterial count compared to
uncoated surface against both S. aureus and P.
aeruginosa

Disk diffusion method, S. epidermidis after 48
h in incubation at 37 °C

Combination of acemannan and chitosan
demonstrated a large inhibition zone by the
inoculation of S. epidermidis for 18 h.

Disk diffusion method, E. coli after 48 h in
incubation

The developed coating showed high-water
absorption capacity along with a reduction in
the growth E. coli by 99%

Colony forming unit count; E. coli and S.
aureus after 12-16 h in incubation at 37 °C
CPS coated substrates showed

93% and 100% efficiencies against E. coli and S.
aureus under 2 min of sunlight

Both solutions were spray
coated at a flow rate of 0.18 L
min~!, from about 45 cm
distance for 2 min for a
complete coverage of steaks

Coatings were spray coated on
cardboard boxes containing
raspberries. Coatings were
further dried under ambient
conditions for 1 h.

Tripolyphosphate and
quaternized chitosan solutions
were coated with a nozzle
moving speed of 50 mm/sec and
air pressure of 0.25 bar and 1
bar, respectively. In addition,
while spraying a distance of 45
mm was maintained between
nozzle and the substrate.
Coatings were sprayed using RF
plasma spray system

Not reported

Not reported

glass, metal and fabric.

that controls the deposition of the complete layer at once, can be
used for coating applications.

Since polysaccharides are widely used in bioprinting due to
their exquisite biocompatibility, a large number of publications
have reviewed polysaccharide-based bioinks, but mostly for tis-
sue reconstruction applications. Even though surface coating is not
the primary application of 3D printing, coatings produced by this
method have advantages of controllable porosity and surface struc-
ture, which affects cell proliferation and active surface for release
of antibacterial agent. Within this review we are focused only on
applications that produce coatings or can potentially be used as
coatings. This includes wound dressings, scaffolds with pronounced
antibacterial properties, and food packaging applications.

4.4.1. 3D-printed antibacterial polysaccharide coatings for medical
scaffolds

A chitosan-gelatin hydrogel coating [170] was used to improve
an interface fixation for titanium alloy prosthesis, see Fig. 11. Its
antibacterial properties are meant to reduce the risk of peripros-
thetic infection that is very difficult to treat (surgical interference
or antibiotic treatments). The precision of 3D (extrusion) printing
procedure allowed creating a porous CS-gelatin hydrogel coating
on the surface of titanium alloy specimens. Prior to coating the
surface was ground, polished, treated with laser and washed in
silane and then dried. The natural antibacterial properties of CS
were enhanced by immersion (dip-coating) in a 50 pg-mL~! nano-
silver solution. Increase of CS content resulted in increased tensile
strength and compression modulus, improved creep performance
of printed structures and their bonding with the substrate (silane
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coupling with hydroxyl groups of CS [171]). Antibacterial tests were
done by zone inhibition method and OD measurements, in which
results supported each other. Although it was claimed that antibac-
terial effects are intrinsic to the CS, inhibition zones for E. coli and
S. aureus were well distinguished only for the nano-silver treated
samples. These also resulted in 70% and 67% inhibitory efficiency
(calculated via OD measurement) against E. coli and S. aureus re-
spectively. Due to large surface, the 3D printed coatings have po-
tential for being loaded with nano-silver particles. It is also essen-
tial for the mentioned application to study how antibacterial prop-
erties change with time, which was not addressed in this work.

4.4.2. 3D-printed antibacterial polysaccharide coatings for wound
dressing

Water soluble N,O-carboxymethyl CS in combination with
starch was introduced as a biodegradable drug Mupirocin releasing
wound dressing [172], that does not require organic solvents. The
addition of starch also reduced the drug release magnitude, which
was assessed by disk diffusion test. Drug release tests correspond
to the corrected antibacterial inhibition zone tests, where the ma-
terial with 75% of CS reached 36.28+0.69 mm inhibition zone di-
ameter after 72 h for S. aureus. The best results after 72 h were ob-
tained by 100% CS samples (38.61+£0.48 mm), while higher amount
of added starch decreased printability and antibacterial properties.

Another bioink for biomedical application was reported by Hi-
daka et al. [173]. Visible light (425 nm) curable ink based on CS
derivative with phenolic hydroxy moieties is applicable for extru-
sion based bioprinting as well as for Vat polymerization-based bio-
printing. The mechanism of visible light polymerization is based
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Fig. 10. Schematics of 3D printing methods for bioprinting applications. (a) Extrusion-based printing methods deposit the ink line-by-line. (b) Inkjet method from drop-on
demand group of methods prints in droplets that can be produced using different physical principles. (c) In laser-assisted 3D printing a laser beam generates the droplet by
heating the substrate with ink on it. (d) Stereolithographic methods use photosensitive inks and solidify them using precisely directed light source. A comparison of different

3D printing methods for polysaccharides can be found in McCarthy et al. [169].

on cross-linking in presence of sodium persulfate and Tris(2,2’-
bipyridyl) dichlororuthenium (II) (Ru(bpy)s. The antibacterial prop-
erties of the ink were assessed using the inhibition zone method.
Unfortunately, the results were not quantified but only compared
to control samples made of similarly modified ALG hydrogels,
where the CS-based inks showed inhibition zones that are more
pronounced against S. aureus compared to E. coli.

An unusual antibacterial component for wound dressing was in-
troduced by Shen et al. [174]. Bacteriophages are a kind of viruses
with the potential to infect and kill bacteria without affecting
human cells. ALG hydrogels with E. coli bacteriophages were for
the first time prepared as an ink for 3D-printing, that is capa-
ble of slow phage release for control of bacterial population in
the wounds. This is not a trivial task, since (i) the bacteriophage
nanoparticles have to be oriented into the ALG in such a way that
their tails are free to be able to interact with bacteria, (ii) the
required concentration of phages that is needed for the desired
effect, and (iii) they have to stay lytic after 3D printing process.
Additionally, calcium carbonate used for ALG cross-linking causes
agglomeration of bacteriophage nanoparticles. Encapsulation less-
ened the lytic effect of bacteriophages and reduced the antibac-
terial efficiency from 99.8% to 68.5%. Antibacterial effect remained
between 40 and 50% during a 24-hour period. Bacteriophage resis-
tance to temperature and different pH values was tested and it was
found that they will be effective for all possible wound healing ap-
plications. Successful encapsulation and antibacterial efficiency are
encouraging for future development, however certain adjustments
have to be made, as bacteria are affected only by a particular type
of bacteriophage, they can develop resistivity to it and bacterio-
phages will never completely eliminate bacteria completely in or-
der to sustain their own population.
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Among polysaccharides, alginate (ALG) is extensively utilized
for the scaffold and wound dressing production, but inade-
quate mechanical properties of the printed structures require
reinforcement of the pure ALG inks. For this, cellulose, another
polysaccharide material, is widely used as reinforcement and rhe-
ology modifier for 3D printing inks. Different forms and sources
of cellulose are utilized for it, e.g. cellulose nanocrystals (CNC),
cellulose nanofibers (CNF), bacterial cellulose [175] carboxymethyl
cellulose, or metylcellulose [176]. Using the latter, antibacterial
properties were achieved by addition of bioactive components,
such as manuka honey, aloe vera gel as well as eucalyptus essen-
tial oil and were further assessed by inhibition zone method and
medium pouring method (CFU). Based on inhibition zone sizes,
all samples inhibited bacterial growth in a similar manner, while
antibiofilm performance was more pronounced against S. aureus
for the sample containing manuka honey. The medium pouring
method showed that sample with etheric oil has the highest effi-
ciency (>80%) and manuka honey samples were found to be more
efficient than aloe vera samples. Bacterial cellulose in combination
with ALG has also been reported to prevent shrinkage after cross-
linking and metal ions from leaking into surroundings reducing
toxicity issues of the printed structures [175]. The combination
of CNC and CNF [177] allowed such modification of antibacte-
rial N-Isopropyl acrylamide (NIPAM) based hydrogels, whereby
self-sustained structures printed by direct ink writing could reach
45° inclination. While CNCs in high concentrations (up to 35
wt%) assure reinforcement of the hydrogel, CNFs added in small
concentrations (1 wt%) improved shape retention and adjusted
rheological properties. CNF orientation under shear and exten-
sional forces in the nozzle during printing results in anisotropic
behavior affecting swelling. Thus, such printed complex structures
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possess programmable self-actuation properties. Their antibacterial
properties were achieved by functionalization of hydrogels with
modified AMP e-polylysine. Carrageenan is also extensively used
in 3D bioprinting, however, mostly for tissue engineering [178].
All of the mentioned above research works utilize various
strategies of boosting antibacterial properties of the used polysac-
charide (if it has any) for wound dressing: modification as drug
encapsulation [172] and even living bacteriophages embedding
[174]. Other strategies include the addition of nanoparticles (usu-
ally silver or Zn derivatives), antimicrobial peptides, carbon-based
nanomaterials, metal-organic frameworks etc. [179,180].

4.4.3. 3D-printed antibacterial polysaccharide coatings for food
preservation and packaging

Currently, the food packaging industry is in need of biocompat-
ible coatings from renewable materials, and polysaccharides play
important role there [181]. Edible inks [182], package films and
intelligent labels that can indicate meat freshness [183] can be
produced by 3D printing or other printing methods. CS-based ink
modified by mulberry anthocyanin was utilized for detection of al-
kaline gases, lemongrass essential oil to enhance the antibacterial
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effect and cassava starch for encapsulation [183]. The 3D printed
labels demonstrated an extension of pork shelf life by more than
15 days at 4 °C and more than 7 days at room conditions, see
Fig. 12. Mulberry anthocyanin not only provided color change in-
dicating rotting of the pork meat but also improved thermal and
antioxidant activity. Etheric oil addition improved further antioxi-
dant and bacteriostatic properties. They were assessed using a CFU
method after 24 h of incubation of E. coli and S. aureus, while more
appropriate might have been strains of Salmonella or L. monocyto-
genes often found on rotten meat.

Other printing methods were utilized for application of edible
inks, such as flexographic [184], screen printing [182,184] or even
thermal inkjet [185]. Water soluble carboxymethyl CS produced us-
ing freeze thawing in alkali solution was mixed with monascus,
which is a non-toxic natural colorant with antibacterial properties
[184]. The “one-pot” method of CS preparation, possibility to print
on curved surfaces and utilization of natural colorant with antibac-
terial properties, makes the proposed ink environmentally friendly.
The inks not only demonstrated good printing quality for screen
and flexographic printing but also showed up to 8 mm diame-
ter of inhibition zones for E. coli and S. aureus. Wang et al. [182]
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utilized a more conventional CS dissolution method with the addi-
tion of a pigment (FeO(OH)-xH,0). Low molecular weight CS com-
pared with high molecular weight CS in the same concentration
showed inhibition zones of 10.2+0.2 mm and 11.9+0.3 mm vs.
12.0+0.3 and 10.940.7 mm against S. aureus and E. coli, respec-
tively. Surprisingly, this would indicate that low molecular weight
CS is more effective against Gram-negative species. No control
samples were however presented.

Originally prepared for the solution casting method of food
packaging film preparation, CS with halloysite nanotubes and
tea polyphenol was also tested for possible 3D printing applica-
tions [186]. Halloysite improved the mechanical properties and tea
polyphenol played the role of antibacterial agent. Antibacterial ef-
ficiency estimated using CFU method reached 87% against S. aureus
and 85% against E. coli for and for materials with 10 and 20% (w/w
of halloysite dry weight) of tea polyphenols.

Another widely available and widely used polysaccharide used
for 3D printing for food preservation is pectin, which lately was
again in focus for its inherent antibacterial properties [187]. How-
ever, reporting of antibacterial of pectin-based 3D printing inks is
rare, since most of the work focuses on cast films, which are be-
yond the scope of this review.

A summary of the products, compositions, antibacterial effi-
ciency, and process parameters from the papers reviewed in this
section can be found in Table 6.

4.5. Electrospinning

Electrospinning (ES) is a versatile technique that allows the for-
mation of nanofiber from a polymer solution, melt or emulsion
[190] by electrostatic force. First introduced by William Gilbert in
the 16t century and extensively developed from the beginning of
the 20t century this method has been well studied. The forma-
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tion of thin fibers occurs under electrostatic force in a strong elec-
trostatic field, see also Fig. 13. It happens in several stages as de-
scribed by Reneker and Yarin [191]. Charge carriers in the poly-
mer solution are assembled close to the surface under electrostatic
force and the surface forms the so-called Taylor cone [192], « in
Fig. 13. Charge carriers continue to concentrate on the top of the
cone, and this finally results in a jet of polymer solution pulled by
the electrostatic field towards the receiving electrode [191]. While
the jet is traveling towards the receiving electrode, the solvent
in the solution dries and, ideally, a fully-dried fiber is deposited
[191]. ES is a complex process and depends not only on the en-
vironmental effects (temperature, humidity, air flow) but also on
the set parameters (voltage, distance between electrodes, material
throughput, etc.) and polymer material properties, such as molec-
ular weight [193], topology [194], charge, its concentration in the
solvent as well as solvent polarity and volatility. Viscosity, surface
tension, and electrical conductivity of the polymer solution are the
most important properties for successful ES.

The diversity of polysaccharides in terms of chemical struc-
ture and composition, molecular weight and ionic character allows
them to be desired nanofiber materials. The additional advantages
of ES, such as cost-effectiveness and relatively high productivity,
make ES one of the most attractive processes for the production
of polysaccharide nanofibrous materials [195]. The product of ES,
nanofibrous membrane has an open-pore interconnected structure
[196] with a controllable pore size distribution which can pro-
vide selectivity for protection against harmful particles or bacte-
ria and helps with better wound respiration and oxygenation [197].
Also important for other antibacterial applications, such as coatings
for food preservation or orthopedic implants, the large surface of
nanofiber membrane obtained due to high surface-to-volume ratio
can be functionalized or coated and thus can provide prolonged
release of antimicrobial agents. Additionally, ES technique allows
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Products

Compositions

Antibacterial Efficiencies

Process Parameters

CS-gelatin coating on
titanium allow
surface [170]

N,0-Carboxymethyl
CS-starch ink for 3D
printed wound
dressing releasing
mupirocin [172]

Visible-light curable
CS ink for extrusion
based and VAT
polymerization
bio-printing [173]
Bacteriophage
releasing 3D-plotted
hydrogel for wound
healing [174]

Alginate/Bacterial
composite hydrogels
with copper
nanostructures [175]

Printable alginate-
methylcellulose inks
for wound dressing
[176]

Shape-morphing and
antibacterial
nanocellulose (CNC)
hydrogels [177]

CS-pigment
(FeO(OH)-xH,0)
composite edible ink
[182]

CS/halloysite
nanotubes/tea
polyphenol
nanocomposite film
for food packaging
[186]

Anthocyanin/CS/lem
ongrass essential oil
films by 3D printing
for intelligent
evaluation of pork
freshness [183]

4 different compositions in deionized water
with 10% (w/v) of gelatin, 3.5% (w/v) AA
and 3, 5, 7, 9% (w/v) CS were used. Water
and AA were poured into dry mixture of CS
and gelatin and mixed for 2 h, heated up to
50 °C and mixed on magnetic plate for 12 h
at 200 rpm

Mupirocin was added to starch-CS stock
mixture with 10 mg/ml concentration. Five
different ratios between starch and CS
stocks were used: 100, 75, 50, 25 and 0% of
CS

Synthesized derivative of CS 1% (w/v) in
solution with 1-10 mM sodium persulphate
and 0.5-2 mM Ru(bpy); was mixed to
prepare the ink

Bacteriophages extracted from local river
water; 1.5 x 107 PFU/mL phage solution
was mixed with 5% ALG solution
(Mw=450-550 kDa) and 0.01 M phosphate
buffered saline in ratio (1:8:1) to reach
phage density of 1.5 x 10% PFU/mL; calcium
carbonate was used for cross-linking of 3d
printed structures

4 wt% ALG solution, Cu particles
synthesized using NaBH,; bacterial CE/ALG
70/30% with 5mM of Cu crosslinked by two
methods: CaCl, at 0.1M and Cu(NOj3);3H,0

Sodium ALG dispersed in glycerol;
methylcellulose dispersed in water at 80 °C;
water-glycerol (70:30 w/w); eucalyptus
essential oil dissolved in Triton X-100 (1:1
v/v), manuka honey dissolved in warm
water; aloe vera added after cooling down.
Different ratios of ALG to cellulose solutions
were used with different amount of
bioactive ingredients

1 and 2.5 wt% of functionalized
e-polylysine; CNC samples tested; CNC (20
wt%) and CNF (1 wt%) dispersions mixed in
water, mixed using speed mixer with
increasing speed, two times processed on
three-roll mill, modified by adding NIPAM,
photoinitiator, glucose oxidase and glucose

Composite additive: Tween 80, Polyglicerol
Fatty Acid Esther, soybean oil and edible
bee wax mixed in mass ratio (5:3.5:1:5).
Two CS with molecular weights 80 and
750 kDa with deacetylation degree of 85%
were dissolved in AA solution at 2% (w/v)
concentration.

5% (w/w) of CS dissolved in 2% AA aqueous
solution while stirring at room
temperature; 2% (w/w) HNT dispersed in
distilled water for 1 h at 600 rpm; solutions
mixed in different ratios (9:1, 8:2, 7:3, 6:4,
5:5 v/v) and stirred for 1 h. Tea polyphenol
added at concentrations 0, 10 and 20%
(w/w) of HNT dry weight, stirred for 1 h
and sonicated for 1 h.

CS dissolved in glacial AA with 1.5% (v/v)
concentration and stirred at 35 °C for 5 h;
15% (w/w) glycerin was added and stirred
for 1 h. Essential oil was dissolved in 2%
Tween-80 solution and added in 1, 2, 3, 4,
5% concentration to CS mixture, followed by
0.1 g of mulberry anthocyanin

Disk diffusion method and OD;
antibacterial efficiency of silver treated
samples reached 70,39% and 97.09%
against E. coli and S. aureus respectively

Disk diffusion method, S. aureus;
Composite material with 75% of CS
reached 36.284+0.69 mm inhibition zone
diameter after 72 h; inhibition zone
increased in time for samples with higher
starch content

Disk diffusion method; Results were not
quantified; CS shows inhibition zones,
that are more pronounced for S. aureus
than for E. coli

CFU, E. coli; Bacteriophages reduced the
bacterial efficiency of E. coli from 99.8% to
68,5%. Antibacterial effect remained
between 40 and 50% during 24 h

Disk diffusion method, S. aureus, E. coli
Samples deposited on inoculated agar,
inhibition zone areas were measured. An
inhibition zone without halo was
observed

Disk diffusion, CFU, S. aureus and E. coli;
All samples demonstrated inhibition zone
after 24 h; samples with manuka honey
showed the best antibiofilm resistance for
S. aureus; according to CFU sample with
etheric oil has the best efficiency (>80%)
compared to manuka honey (approx. 50%)
and aloe vera (35-50%)

S. aureus, S. arlettae, E. coli, P. fluorescens;
Hydrogels were inoculated with 40 pl of
bacterial suspension (ODggo=0.1) in
diluted 1:5 phosphate-buffered saline;
incubation for 8 h at 37 °C; incolutaed
surface placed on agar plate; after 20-28
h assessment done visually

Disk diffusion method; Antibacterial
efficiency of high molecular weight CS is
higher; for the maximal CS concentration
inhibition zone diameter was

12.740.6 mm and 11.5+0.5 mm for

S. aureus and E. coli

CFU, reduction of 87 and 85% for S. aureus
and E. coli for materials with 10 and 20%
of tea polyphenols

CFU; Addition of anthocyanin reduced
number of viable E. coli from 5,024+0.12 to
4.86+0.38 log CFU/ml and for S. aureus
from 5.03+0.51 to 4.974+0.25 log CFU/ml;
5% of etheric oil reduced numbers to
3.64+0.19 and 1.78+0.26 log CFU/ml for
E. coli and S. aureus
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Pressure 0.12-0.30 MPa; printing speed
3.5 mm/s; barrel temperature 25-50 °C;
platform temperature 4 °C; nozzle
diameter 0.31 mm

Material with 9% of CS was not printable

Pressure 5-30 kPa; printing speed 1-3
mm/s; infill percentage 30%; cartridge
3 ml; 410 pm conical nozzle

Printer equipped with visible light source;
printing speed 6 mm/s; room temperature
light intensity 3.18 W/m? with 452 nm
wavelength; 21G needle

3D plotting system; printing speed 35
mm/s; nozzle 200 pm; vertical step
0.4 mm; spacing between fibers 1Tmm

Pressure 1 bar; printing speed 50 mm/s;
barrel temperature 25 °C; 23G needle;
during extrusion hydrogel was ionically
cross-linked

Inkredible, Cellink; printing speed

10 mm/s; cartridge 3 ml and 21G needle
Samples were crosslinked in 200 mM
CaCl, for 10 min

Direct ink writing; pressure 1.5 bar;
printing speed 10 mmy/s; printing
temperature 10 °C; needle with 0.41 mm
diameter; were cross-linked using
ultraviolet light under nitrogen for 10
min, postcured for 5 min and washed in
water for 5 days

Screen printing; pressure 12 kg;
temperature 25+0.1 °C; 50% RH; print
speed 30 mm/s; squeegee angle 60°;
stencil thickness 0.15 mm; coated paper
128 g/m?

Pressure 4 kPa; speed 3.5 mm/s;
temperature 25 °C; filling density 30%;
printing nozzle 0.7 mm; layer height
0.5 mm

Pressure 40 kPa; temperature 25 °C; filling
density 100%; nozzle 0.6 mm; height
0.3 mm

(continued on next page)
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Carboxymethyl CS
edible ink [184]

Wound repair
bandage from
carboxymethyl
CE/e-polylysine
hydrogel [36]

Electrogelated pectin
hydrogels [188]

Gelatine methacry-
late/xanthan gum
wound dressing with
TiO2 nanoparticle
and N-halamine
[189]

Inks with 6 wt% monascus pigment with
different reaction times and concentration
of sodium Chloroacetate were prepared.
Flexographic inks contained 1, 1.5 and

2 wt% of synthesized carboxymethyl CS in
water, screen printing inks - 2, 2.5 and

3 wt%

Carboxymethyl CE sodium and e-polylysine
went through a ring-opening reaction under
weakly acidic conditions with glycidyl
methacrylate. Mixed in dif. Ration and
dissolved in 0.05 wt% solution of 2-hydroxy-
4'-(2-hydroxyethoxy)-2-methyl-propiophe
Citrus peel pectin suspension of 0.75%
(w/w) concentration

15 wt% gelatine methacrylate solution
mixed with 0, 1, 2 and 3 wt% of xanthan
gum, 1 or 2 wt% of photoinitiator and
N-halamine followed by titanium precursor
to generate TiO, nanoparticles

Disk diffusion method, S. aureus and

E. coli; Antibacterial effects of monascus
and 1.5 wt% ink are weak; best
antibacterial activity of approx. 8 mm
diameter of inhibition zone was
demonstrated by 2.5 wt% ink due to
synergistic effect of CS and monascus
CFU, S. aureus, E. coli; Hydrogel samples
were inoculated by bacterial suspension
for 6 h at 37 °C; CFU on diluted survivor
suspension inoculated to PCA for 24 h at
37 °C; dead/live assay under fluorescent
inverted microscope

Disk diffusion method, S. aureus and

E. coli; 100 yl of bacterial stock (108
CFU/ml) on agar plate; filter paper
submerged in pectin solution (control)
and printed samples; obtained inhibition
zones of around 1.5 mm attributed to
copper ions

CFU, disk diffusion method, bacterial
biofilm method; gelatine and gum
material does not have antibacterial
properties; addition of TiO, NP ¢ts
N-halamine provided 100% and 96.3%
sterilization rates for E. coli and S. aureus;
no inhibition zones visible due to low
solubility of antibacterial components; no
biofilm was detected on the samples with
NP and N-halamine

No information provided

Pressure 0.06 MPa; printing speed 360
mm/min; nozzle diameter 2 mm;
cross-linked under ultraviolet light source
at 365 nm wavelength

Electrophoretic deposition was used as a
method of 3d printing; pectin suspension
was subjected to 3V under 15 min and
material went through electrogelation at
the anode copper plate

Direct ink writing; pressure 0.3-0.5 MPap;
printing speed 30 mm/s; needle 300 pm
diameter; crosslinked by 365 nm UV light
at 10 cm for 15 min; freeze dried for 2
days; 2 wt% of xanthan gum resulted in
the best print quality

combination of different materials (coaxial ES, blends, incorporated
particles, etc.) that could synergistically improve antibacterial per-
formance of the nanofiber membrane.

4.5.1. Electrospun antibacterial polysaccharide coatings for medical
applications

ES NF coatings from polysaccharides are often used on metal
orthopedic or dental implants to decrease the possibility of biofilm
formation, inflammation and costly surgical interventions. Addition
of various antibacterial compounds to polysaccharides is usually
required to improve their inherent bactericidal efficiency. These
antibacterial properties are extremely important for medical im-
plants and devices, where biocompatible nature of polysaccharides
is an additional asset [199]. The structure of CS and ALG is sim-
ilar to glycosaminoglycan which is a building block of bone and
cartilage. Consequently, these materials provide bone scaffolds in
combination with silica or bioactive glass [200,201]. Mechanical
properties of silica nanofibers and drug release profile were im-
proved by incorporation of CS/PEO into the system [202]. Antibi-
otics of the fourth generation cefepime was added into the sys-
tem in order to provide efficient antibacterial properties for both
Gram-positive and Gram-negative bacteria. Inhibition zones mea-
surements demonstrated impressive results on antibiotic-loaded
NF membranes (40 mm for E. coli and 25 mm for S. aureus),
however, membranes without cefepime showed reduced inhibition
zones (5 mm for E. coli and 12 mm for S. aureus). Very low an-
tibacterial activity was detected against S. epidermidis for drug-
loaded fibers. Drug release from NF membrane was continuous for
16 days, since the drug interacted with CS providing moderate re-
lease within longer time period, which is highly desirable for or-
thopedic applications. However, the study did not elaborate the
behavior of the NF mat on the implant surface, as was done for
example by Kharat et al. [203]. Here CS/PEO with natural thyme
and/or henna extracts was electrospun directly on the orthopedic
screw and was not subjected to cross-linking. The largest inhibi-
tion zones of 3.940.3 cm and 5.3+0.2 cm against S. aureus and E.
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coli respectively were demonstrated by nanofibrous mat with thy-
mus extract, while the implant covered by nanofibers with both
plant extracts showed 3.0+£0.2 cm and 4.9+0.3 cm against S. au-
reus and E. coli. Mechanical tests showed appropriate properties for
both medical wound patches and metal implant coatings. All sam-
ples also have hemolytic index significantly lower than 5%, mean-
ing that blood cells are not damaged by the material, and, thus
NF mats are safe to be used as an implant coating. Interestingly,
cell proliferation studies showed that plant extracts improve cell
growth and spread on nanofibrous material, due to the presence
of bioactive constituents, such as flavonoids [204,205].

ALG is a promising polysaccharide for artificial scaffolds due
to its biocompatibility and biodegradability but does not possess
intrinsic antibacterial properties and in some situations does not
have the required optimal mechanical properties. Their improve-
ment together with antibacterial effect can make it applicable not
only for scaffolds but also for biocompatible coatings. For example,
Pebdeni et al. [206] proposed to reinforce electrospun ALG/PVA NF
material with Halloysite nanotubes (HNT) loaded with an antisep-
tic drug, cephalexin. The authors demonstrated how HNT are ori-
ented inside of the ALG/PVA nanofibers, and that their hollow part
is loaded with the drug. Antibacterial activity against the Gram-
positive S. aureus and S. epidermidis was the most pronounced,
as determined using disk diffusion method. As expected, samples
with the highest antiseptic drug content showed the largest in-
hibition zones against all strains including also Gram-negative P.
aeruginosa and E. coli, however, no significant difference in inhi-
bition zone was obtained for concentrations from 5 to 10% (w/w)
of HNT. Inhibition zones ranged from approx. 15 to 28 mm with
maximal positive control samples of 28.44+1.6 mm. Due to incor-
poration of drug loaded HNT inside of nanofibers, drug release was
continuous for 7 days.

Besides antiseptic drugs [206] and antibiotics [202], bioactive
ingredients capable of increasing antibacterial activity of polysac-
charide nanofiber are widely used. Among them is honey [207],
which is more efficient against Gram-positive bacteria, propolis
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[208] and various plant extracts [203,209]. Based on inhibition
zone comparison, which should be done very carefully (see Section
3) flavonoid-enriched ES materials [203] demonstrated the largest
inhibition zones. Moreover, there are indications of flavonoid effi-
ciency and even their ability to reverse antibiotic resistance, which
might be one of the reasons for efficient antimicrobial activity.

CFU method was used for evaluating antibacterial wound dress-
ings made of cotton coated with CS/PVA nanofibers with the ad-
dition of Agrimonia eupatoria plant extract [210], which could ex-
ert antibacterial activity via different mechanisms such as changing
the permeability of the cell membrane, inhibiting the adsorption
of pathogenic bacteria to host cells, or disturbing the transmem-
brane transport of nutrients or energy substances [211]. The addi-
tion of 5 wt% plant extract to a solution of CS and PVA resulted
in 99.17+4.05 and 98.134+0.88% decrease in viability of S. aureus
and P. aeruginosa., respectively. Samples without plant extract also
showed antibacterial activity but significantly weaker (64.394+10.07
and 61.254+4.22% against S. aureus and P. aeruginosa). This was re-
lated to the intrinsic antibacterial properties of CS, which are syn-
ergistically increased by the plant extract. In contrast to other sim-
ilar publications, in this work ES was performed without a needle.
In such free surface ES setups, several Taylor cones are simultane-
ously forming on a thin layer of polymer solution. High voltages
are required, however, the technique has higher productivity and
avoids needle clogging.

Cellulose is another polysaccharide widely used as a basis for
antibacterial wound dressings due to its surface functionality, ab-
sorbency, mechanical properties, and biocompatibility. Its poor sol-
ubility makes ES very difficult and therefore cellulose acetate (CA)
is used instead. The simple step of deacetylation after ES allows
obtaining cellulose nanofibers. However, the absence of inherent
antibacterial properties of cellulose requires the implementation of
different modification strategies (see Section 2), among which the
use of silver nanoparticles (AgNP) is well-known for its efficiency.

Two different ways of silver nitrate salt reduction and their ef-
fect on antibacterial properties of cellulose nanofibrous mate were
investigated by Jatoi et al. [212]. The mat originally prepared from
CA and subjected to alkaline treatment in order to obtain cel-
lulose, was coated with silver nitrate solution by dip coating. It
was shown that thermal treatment resulted in smaller AgNP com-
pared to the NP obtained by reduction using dimethylformamide
(DMF). Authors proposed that smaller size and, consequently, large
surface area are the reasons for higher antibacterial efficiency
against S. aureus and E. coli. This was assessed using the disc dif-
fusion method and quantified through bactericidal assay together
with OD measurement, which showed 100% bactericidal properties
and effectiveness in growth inhibition of tested bacteria. Often CA
nanofibers are brittle and require the addition of binding polymer
for a smoother ES process. Polyurethane was thus added to CA in
order to assist ES process and increase the mechanical properties
of the NF membranes [69]. This resulted in core-sheath fiber for-
mation due to significantly lower molecular mass of CA compared
to polyurethane and surface aggregation of CA during ES. The ES
formulation was subjected to deacetylation and binding of antimi-
crobial (AMP) through carbohydrate-binding peptides. Antibacterial
activity was characterized by MIC tests and regrowth assay using
OD measurements by spectrophotometry. Materials showed lg 4
reduction against S. aureus for the membrane with maximal con-
centration of peptides and maximum Ig 1 reduction for P. aerug-
inosa, which means that coatings could be more appropriate for
chronic wounds treatment than to burn wounds.

Contact-killing modification of silk fibroin/CA blend was done
in order to use photoactive effect against E. coli [213]. High bac-
tericidal activity (99.9999% contact killing) was achieved by graft-
ing anthraquinone-2-carboxylic acid in DMF. The esterification re-
action was catalyzed in presence of N,N’-Carbonyldiimidazole. The
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membrane charged with UVA radiation produces reactive oxygen
species that successfully kill E. coli within 2 h (Ig6 CFU reduction
according to CFU method) and can be recharged for cycling utiliza-
tion.

4.5.2. Electrospun antibacterial polysaccharide coatings for food
preservation and packaging

Another vast application of polysaccharide ES coatings is for
food preservation and packaging [214-216]. Their biocompatibil-
ity, biodegradability, antioxidative properties and, in the case of
CS inherent antibacterial properties, make these materials favor-
able candidates for blends with other biodegradable electrospun
plastics. For example, N, plasma treated PLA films were coated
by CS mixed with EDS (carbodiimide coupling agent) electrospun
nanofiber without further crosslinking [199]. Something less com-
mon for the antibacterial coatings reviewed, a comparison with
dip-coating into the same solution was also made. ES coating, as
expected resulted in higher surface roughness but also high antiox-
idant activity. Unfortunately, the ES coating was not tested for an-
tibacterial properties, but coating materials obtained by immersion
after “cold” nitrogen plasma treatment showed very high percent
reduction (93-100%) against both Gram-positive (Listeria monocy-
togenes) and Gram-negative (E. coli and Salmonella typhimurium)
bacteria independent of CS molecular weight and deacetylation de-
gree. Surendhiran et al. [217] used sodium ALG electrospun to-
gether with PEO using as antibacterial agent a 10% (v/v) of nat-
urally antimicrobial marine polyphenol phlorotannin. Antibacterial
testing procedure included dipping chicken meat into the broth
containing Salmonella entertidis for 30 min and after drying wrap-
ping it into the ES nanofiber mat. CFU method supported by flu-
orescence microscopy with staining revealed a 99.9999% reduction
of the population achieved within 12 h (for minimal bactericidal
phlorotannin concentration).

While information on CS and ALG ES is in abundance and well
covered by review papers, studies on other polysaccharides, such
as carrageenan ES is quite scarce. Carrageenan is a sulfated galac-
tan isolated primarily from marine red algae and is composed of
1,3-linked B-d-galactose and 1,4-linked «-d-galactose. Due to the
different numbers and positions of the ester sulfate groups on
the repeating galactose units, carrageenan can be divided into «-
type (Kappa), t-type (iota), A-type (lambda). Meanwhile, the gel
strength and solubility of carrageenan are also affected by the lev-
els of ester sulfate groups, for example, k-C can form strong and
rigid gel crosslinked with potassium ions while (-C gel is softer
with the presence of calcium ion and A-C does not have gelation
behavior. Due to its inherent physical properties and antioxidant
activity, carrageenan plays an important role as functional additive
or thickening agents in the industry.

Amjadi and co-authors [218] utilized x-carrageenan (k-C) as re-
inforcement for zein ES nanofibers for food packaging systems. It
was shown that both zein and «-C do not possess antibacterial
properties, therefore ZnO NP and rosemary oil were added as an-
timicrobial agents. Inhibitory zone obtained from these samples
was 18.54+1.9 and 14.7+1.5 mm against S. aureus and E. coli. re-
spectively. While in the work of Amjadi [218] antibacterial activity
was caused solely by ZnO nanoparticles and rosemary oil, Abou-
Okeil and co-authors [219] reported that the oxidized form of «-C
can have antibacterial properties. In the study, «-C with different
oxidation levels (with different contents of aldehyde groups) were
used. Antibacterial properties of all obtained mats assessed by CFU
method showed impressive results demonstrating more than 90%
reduction against S. aureus (from 91 to 99.74%) but relatively less
efficient against E. coli (from 66% to 88%).

A summary of the main findings on the section is pre-
sented in Table 7. Multiple applications of antibacterial electro-
spun coatings from polysaccharides are continuously expanded and
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Summary of products, compositions, antibacterial efficiency and process parameters for electrospun coatings.
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Products

Compositions

Antibacterial Efficiencies

Process Parameters

CS and PEO used as
a support for silica
nanofibers enriched
with cefepime
antibiotic for
orthopedic implants
[202]

CS/PEO/extracts of
henna and/or
thymus coating for
orthopaedic implants
[203]

ALG-based
nanofibrous mats
with halloysite
nanotubes loaded
with cephalexin
[206]

Wound dressing,
cotton material
coated with PVA-CS
nanofibers
incorporating
Agrimonia Eupatoria
L. extract [210]
Cellulose nanofibers
with silver
nanoparticles [212]

Wound dressing
from cellulose
membranes with
AMP [69]

Photoactive silk
fibroin/cellulose
acetate nanofibrous
membranes [213]

Coated PLA film for
food preservation
[199]

ALG/PEO nanofibers
with Phlorotannin
for chicken meat
preservation [217]

Reinforced by
k-carrageenan zein
electrospun
nanofibers with ZnO
nanoparticles and
rosemary essential
(RE) oil for food
preservation [218]
Hyaluronic acid (HA)
with oxidized
k-carrageenan and
PVA [219]

CS and PEO solution (0.27 g CS and 0.04 g
PEO) mixed with silica solution
TEOS-water-ethanol-HCl (1:3:8:0.04) in
proportions 90:10, 80:20, 70:30 and
50:50. Optimal results were obtained for
30% of CS and 1% of TEOS and cefepime

2% (w/v) CS in 50% AA aqueous solution,
PEO 3% (w/v) in 50% AA aqueous solution,
mixed in different ratios; to optimal ratio
of CS-PEO (7/3 (v/v)) 1% (v/v) of henna
and/or thymus extract was added
Prepared using PVA; 10 wt% of PVA in
water mixed with 2% (w/v) of ALG in
water together with drug loaded HNT,
mixture ratio is 3:2; concentration of HNT
were 2.5, 7.5 and 10 wt% of the total
solution

Cotton fabric was preactivated with
TEMPO, solution 10% (w/v) PVA and 2%
(w/v) CS in water and 0.1M AA. 5 wt% of
Agrimonia Eupatoria L. extract added

17 wt% cellulose acetate solution in
DMF:acetone (1:2), stirred for 24 h;
alkaline treatment in NaON to obtain CE;
silver reduction after ES by heat
treatment at 160 °C or in DMF

15% w/v of polyurethane and CA in
DMF:acetone (1:2) were mixed in ratios
5:95 CA:PUR and 10:90 CA:PUR;
deacetylation after ES by pure Na
dissolved in methanol

Silk fibroin dialyzed and lyophilized into
sponges which together with CA were
dissolved in formic acid in 12%
concentration.

Functionalized PLA surface, 2% (w/v) CS in
5% AA solution with EDC; CS-EDC (30:1)
by weight

Sodium ALG and PEO were dissolved in
concentration of 0.3 g/L in water
separately; solutions were mixed in
different ratios and 10% (v/v) of
phlorotannin was added

22% (w/v) zein dissolved in 80% (v/v)
ethanol; 1% (w/v) «-C dissolved in water.
Solutions were mixed in different ratios.
Best for ES was zein-C (90:10); 0.5 and
50 wt% of ZnO NP and RE was added. ZnO
NP and oil caused fiber diameter
reduction from 5834280 to 387+169 nm

1% (w/v) solution of oxidized
k-carrageenan, 1% (w/v) solution of HA,
10% (w/v) PVA solution were mixed in
different ratios

Disk diffusion method; Nanofibers with
cepefime result in 25 and 40 mm
inhibition zones against S. aureus and

E. coli, respectively, less effective against
S. epidermidis; nanofibers without
antibiotic showed 5 mm and 12 mm
inhibition zones against E. coli and

S. aureus and no effect on S. epidermidis.
Disk diffusion method; Nanofibrous mat
with thymus extract demonstrated
maximal inhibition zones of 3.94+0.3 cm
and 5.3+0.2 cm against S. aureus and

E. coli respectively

Disk diffusion method, S. aureus,

S. epidermidis, E. coli, P. aeruginosa
Inhibition zones were ranging from 15 to
28 mm

Disk diffusion method, S. aureus,

P. aeruginosa; MIC; After 24 h non coated
cotton showed 25 and 27% inhibition,
while PEO-CS - 64 and 61%, with the
extract - 99 and 98% respectively

Disk diffusion method; S. aureus, E. coli;
Heat treated samples showed larger
inhibition zones up to 347.1 mm? against
S. aureus and 279 mm? against E. coli due
to smaller NPs

CFU, optical; MIC and regrowth time
determined spectrophotometrically. Based
on regrowth rate CFU’s were quantified
using standard growth curve; log4
reduction of S. aureus and max log1
reduction for P. aeruginosa

CFU; 10 pl of E. coli bacterial suspension
spotted on the sample surface, exposed to
light and dark conditions, survivor
suspension diluted and plated on agar,
CFU estimate resulted in 99.9999% contact
killing rate which is sustained after
several light-dark cycles

CFU, Gram-positive Listeria monocytogenes
and Gram-negative E. coli and

S. typhimurium; ES coating was not tested;
dip coating showed 93-100% of reduction
independently on CS molecular weight
and deacetylation degree

CFU; 99.9999% reduction of S. enteritidis
population was achieved within 12 h of
observation (for MBC); MIC not achieved

Disk diffusion method; Nanofibers from
zein and «-C do not have antimicrobial
activity; addition of ZnO NP and RE
increases the inhibition zone to 18.5+1.9
and 14.74+1.5 mm against S. aureus and
E. coli respectively. The antibacterial
efficiency might be related to increased
contact angle

CFU; All blends showed from 91 to 99.74%
reduction against S. aureus and from 66%
to 88% against E. coli
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Capillary setup, voltage 21 kV, flow rate
0.5 mL/h, distance 11 cm; crosslinked by
GA

Capillary setup, voltage 21 kV, flow rate
0.3-0.5 m /h, distance 13 cm, needle
20-gauge; done on the surface of implant

Horizontal capillary setup, voltage
25-28 kV, flow rate 8-10 mL/min, 10 cm
distance, 0.5 mm needle diameter;
crosslinked by GA vapor

Free surface ES Nanospider LAB, voltage
75 kV, distance 13 cm, electrode rotation
55 Hz, duration 1 h

Capillary setup, voltage 15 kV, flow rate
0.06 mm/min, distance 15 cm,
temperature 25 °C, humidity 40%; coated
in 200 nM AgNOs solution, dried for 2h at
40 °C before reduction

Capillary setup; electrical bias of +9 and
-2 kV; flow rate 10 pL/min, distance 15
cm, needle diameter 0.8 mm, time 120
min

Capillary setup; voltage 15 kV, flow rate
0.3 mL/h, temperature 25 °C, humidity
50%;

Capillary setup, voltage 16 kV, flow rate
0.05 mL/h, distance 60 mm, time 60 min

Capillary setup, voltage 20 kV, flow rate
0.5 mL/h, distance 15 cm

Horizontal capillary setup, voltage 15 kV,
flow rate 1.0 mL/h, 10 cm distance,
21-gauge steel needle

Horizontal capillary setup, voltage

17.5 kV, flow rate 0.5 mL/h, 10 cm

distance, 22 gauge needle

(continued on next page)
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Products

Compositions

Antibacterial Efficiencies

Process Parameters

Two-layer ES
membrane for
wound healing with
controlled release of
ciprofloxacin and
FGF-2 [225]

Crosslinked pectin
nanofibers loaded
with Ag NP [226]

Degradable bone
scaffold [200]

CS-PEOOE nanofiber
coating with
bioactive glass for Ti
alloy [201]

Water filtration
membrane of dually
cross-linked ALG,
coated with CS
incorporating Ag NP
[220]

Hydrophilic layer: Octyl gellan gum
derivative and PVA powders mixed with
weight ratio (1:1) and dispersed in DI
water at 4% (w/v), FGF-2 was dissolved in
mixture at concentration of 25 ng per mg
of polymer mix; Hydrophobic layer:
PU-PCI copolymer was dissolved in
DMF:THF (1:1) at 5%(w/v), ciprofloxacin
hemisuccinate microparticles (2% (w/w))
Apple pectin was used for dialdehyde
pectin synthesis, which in water solution
was mixed with PEO, Triton X-100 and
DMSO in weight percentages of 9, 1, 1
and 5 respectively; electrospun samples
immersed in AgNO3 solution and
incubated at 60 °C for 3-24 h

PLA/CS solution: 0.18 g of CS and 0.72 g
of PLA in TFA. Bioactive glasses were
deposited by dip-coating

7 wt% of CS in mixture of AA-H,0 (7:3
w/w) with addition of bioglass 15 wt% of
CS, PEO weight ratio of 2/8 of CS

3 wt% of PEO and 3 wt% of ALG were
dissolved in deionized water separately
and mixed in ratio 50:50. 0.5 wt% Triton
X-100 and 5 wt% DMSO as emulsifiers
were added. Ag NP containing CS were
prepared separately and added with small
amount of CS solution into main solution

CFU, S. aureus; samples loaded with
antibiotic showed log6 and log10 viability
reduction after 24 and 48 h of incubation
respectively; drug release was mostly
accomplished within 48 h

Optical density; E. coli; sample introduced
in bacterial broth with ODggp of 0.01,
incubated at 37 °C and measured with
spectrometer every 24 h, suspension was
replaced with the fresh one. Tests showed
antibacterial efficiency close to 100% for
over 7 days

Disk diffusion method, E. coli after 24h in
incubation at 37C. Only fibers coated with
Cu, Ag and Ce bioglass developed
inhibition zone - not related to CS

CFU, solution optical density tests,
luminescent microscope, S. epidermidis;
Reduction of cell proliferation for coating
with and without bioglass. Bioglass was
shown to even inhibit antibacterial effect
of CS

Disk diffusion method, S. aureus, E. coli
Membrane without Ag NP showed
bacteriostatic affect against E. coli.,
coating with Ag NP showed antibacterial
effect towards both S. aureus and E. coli
with inhibition zones of 3.32+0.2 cm and
2.31+0.17 cm respectively

Custom capillary setup; Hydrophilic layer:
voltage 21-23 kV, flow rate 0.0085
ml/min, 14 cm distance, madrel rate 70
rpm; Hydrophobic layer: voltage 10 kV,
flow rate 0.01 ml/min, 20 cm distance,
mandrel rate 70 rpm

Capillary setup, voltage 7 kV, distance
15 cm, 8-gauge steel needle; samples
crosslinked in ADH solution in
ethanol/water for 8 h

Capillary setup, 10 ml syringe with 21G
needle tip, 12 kV, 8 cm distance;
afterwards dried for 24 h at 80 °C.

Capillary setup, voltage 27 kV, flow rate
0.1 mL/h, 30G needle, distance 10 cm,
receiver rotation drum speed 120 rpm;
samples were dried for 12 h at 50 °C and
crosslinked by GA

Capillary setup, voltage 25 kV, flow rate
0.7 mL/h, working distance 18 cm;
crosslinked ionically by CaCl, and
afterwards with GA vapor.

investigated, however several challenges can be emphasized. Fo-
cusing within this review primarily on antibacterial properties we,
unfortunately, cannot avoid the fact that due to limited inherent
antimicrobial properties of PS, bactericidal effect has to be im-
proved by means of various additives (nanoparticles [220], plant
extracts [203] or other bioactive compounds [207]). These ad-
ditives interact with the ES solution, can cause changes in vis-
cosity, electrical conductivity and surface tension and, therefore
might require special settings of ES process that significantly dif-
fer from those set for non-filled/neat systems [217,218]. Addition-
ally, cationic (CS) and anionic (ALG) polysaccharide materials have
polyelectrolytic nature and, therefore, are very difficult to ES. Both
materials have rigid chemical structure and intra- and intermolec-
ular hydrogen bonds, which prevent them from forming entan-
glements. Some solubility issues appear as even small concentra-
tions of added polymer result in highly viscous solution and CS
does not dissolve in non-acidic medium. That is why CS and ALG
are usually blended with other electrospinnable polymers, such as
polylactic acid (PLA), polyethylene oxide (PEO) or polyvinyl alcohol
(PVA) [221-223]. This inevitably makes the system more compli-
cated. Another problem arising with ES of ALG and CS is related
to their broad molecular weight distribution, that affects viscosity
and can potentially lead to clogging of ES capillaries [224]. In this
case, open surface or needless ES can be used [190,210]. As can be
observed from the overview in Table 6 usually classical capillary
syringe setups are utilized with relatively high voltages for such
setups due to the high solution viscosity. It should be also men-
tioned that attachment of the coating to the substrate is practically
not investigated, however some research work [199] describe mea-
sures to improve it.

4.6. Layer-by-Layer Assembly

Layer-by-layer (LbL) self-assembly is a relatively simple yet ver-
satile method for surface modification, which was first discovered
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and used by Decher et al. [227]. The LbL-procedure is described
in Fig. 14. A solid substrate with a charged surface is immersed
in a solution containing a high concentration of polyelectrolyte.
The polyelectrolyte deposits onto the surface forming a monolayer.
After rinsing with deionized water, the substrate is immersed in
another solution containing oppositely charged polyelectrolyte to
regain its original surface charge. By repeating these two steps
in a cyclic manner, alternating multilayer assemblies with desired
thickness and properties can be achieved. In addition, the substrate
can be either a naturally charged material, such as metal, glass,
and silicon wafer, or an originally uncharged substrate modified
by plasma [228], chemical grafting [229] etc. Nowadays, LbL tech-
nology has been extensively developed and allows different driv-
ing forces for depositing multilayer coatings. While the description
above refers essentially to dip-coating, LbL can be applied using
all other coating technologies already presented, such as spinning,
spraying, dipping etc., including combinations thereof [230].

The function of the LbL-coating is determined by the compo-
sition of the different layers. Therefore, the use of suitable com-
ponents is particularly important in LbL-assembly. Since many
polysaccharides are charged positively or negatively, have good
biocompatibility and special biological functions, such as CS [231],
HA [232,233], ALG [232,234], etc., they are the desired materi-
als for LbL. [231], HA [232,233], ALG [232,234], etc., they are the
desired materials for LbL. Especially for bactericidal LbL-systems,
cationic polysaccharide layers can interact with phospholipid com-
ponents in the biofilms, leading to bacterial membrane deforma-
tion and protoplast lysis under osmotic stress [233]. In addition,
some anionic polysaccharide layers with functional groups such as
carboxyl groups can be combined with metal ions to achieve more
biological properties [234].

Due to their broad applicability, LbL-assemblies can be devel-
oped through different antimicrobial strategies to meet different
needs, depending on the interactions between the assembly and
the antimicrobial components. Antimicrobial agents in the LbL-



JID: ACTBIO

H. Ruan, A. Aulova, V. Ghai et al.

layer materials~

[m5G;July 31, 2023;7:22]

Acta Biomaterialia xxx (XXXX) Xxx

4
—— Layer 1
& Substrate ¢ F

S m=

------.‘

Layer1
& Substrate ¢ ‘
-

L

‘
4 . Layer 3
[ |
TS >< )
"
Layer 1 "
L 3
sibstiatg*

'--""---l‘\

Fig. 14. Layer-by-layer (LbL) coating principle. The charged particles are deposited onto the oppositely charged surface/layer and form into a new layer via various methods
such as spinning, spraying, dipping etc. The process can be repeated to adjust the properties of the coating depending on the applications.

films can be released into the external environment [235] or re-
main on the surface of the substrate for contact killing [231]. The
vast majority of LbL assemblies are driven by electrostatic interac-
tions, and thus many nanoparticles, biological macromolecules, and
organic molecules can participate in the assembly [236]. Among
those materials, the polysaccharides with opposite charges can be
assembled through electrostatic interactions in aqueous solution
via alternating deposition of polyanions and polycations. However,
electrostatic interaction is not the only driving force, with other
parameters such as hydrogen bonding [237], Host-Guest inclusion
[235], covalent bonding [238], etc. can also be used as strate-
gies to fabricate LbL-coatings. Nevertheless, the design and selec-
tion of driving force for the LbL-assembly needs to consider the
mechanism and properties of the whole material system, there-
fore, not all driving forces are applicable to the fabrication of
polysaccharide-based antimicrobial coatings. In the following sec-
tions, various polysaccharides for LbL assembly are discussed in the
terms of interactions and properties.

In some cases, there is a need to fabricate multilayer coatings to
adjust the thickness and functions, and consequently it would take
more time and energy compared to the fabrication of the coat-
ing with a single layer. However, combining especially, dip-, spin-
and spray-coating through LbL technology could allow for automa-
tion [239] and accelerate the film forming considerably via differ-
ent forces governing the process [240], which facilitates large-scale
production for the industry. Due to their substantial versatility,
many studies on polysaccharide based LbL coatings tend to focus
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more broadly on multifunctional properties, antibacterial among
them, and we emphasize that in the sections below.

4.6.1. LbL-assembly driven by electrostatic interaction for
antibacterial polysaccharide coatings

As the main driven force, electrostatic interactions in multi-
layer formation plays an important role because it is non-specific,
with minimal steric demand, and with fairly long range [241]. LbL-
assembly driven by electrostatic interactions usually requires water
as solvent, therefore it is possible to incorporate with charged bio-
logical macromolecules during the formation of the LbL-films. Par-
ticularly for the charged polysaccharide solutions, due to electro-
static interactions involving all ionic species in solution, the orig-
inal set of properties could be highly different. The first type of
interaction exists in the attraction between polyions and oppo-
sitely charged ions while the second type of electrostatic interac-
tion is usually referred to the repulsion between polyelectrolytes
with the same charge which could lead to unusual viscosity behav-
ior [242]. In the LbL-assembly process, the first electrostatic effect
is relatively common, because when the molecular weight of the
polysaccharide is high enough, the influence of the chain length on
the electrostatic effect will no longer be obvious, which facilitates
adjustment of film properties. In addition, numerous studies have
shown that counter ions have significant effects on polysaccharide-
based materials, for example, divalent counter ions favor helical
transitions in gellan and carrageenan [243], thus improving the
stability of LbL-films. When electrostatic complexes are formed by
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polysaccharides with opposite charges, such as ALG or HA, in the
presence of CS, the stability of which depends on ion concentration
and pH [244].

CS is a biocompatible cationic polysaccharide that has been
widely used in fabrication of LbL-films for bacteria killing. For ex-
ample, to analyze the efficacy of CS as an antibacterial coating, It
has been proven that a multilayered assembly consisting of CS and
chlorhexidine can reach long term antibacterial properties against
S. aureus on textile and the antibacterial activity (inhibition zone
measurements) increased with the number of layers [245]. To ob-
tain a stimuli responsive LbL-coating and enhance its antibacte-
rial performance, CS is usually modified and combined with drugs
during fabrication of the films. Kumorek et al. [246] reported a
pH responsive multilayer film for biomedical application based on
CS or N-(2-hydroxypropyl)-3-trimethylammonium chitosan chlo-
ride (CMCH). CMCH-terminated films prevented bacterial adhesion,
especially for E. coli, compared to CS-terminated films. However,
CS-terminated films showed higher contact killing activity against
both Gram-positive and Gram-negative bacteria (70% and 45% bac-
terial mortality from CFU method, respectively). Grafting quater-
nary ammonium onto CS is also a common strategy to improve the
bactericidal efficiency in LbL-assemblies. A coating composed of
polyacrylic acid (PAA), quaternary ammonium salt and gentamicin
sulfate and HA in the top layer as sealing agent, showed bacterici-
dal efficiency (CFU method and live dead staining) higher than 99%
in the presence of HAase (Hyaluronidase) in the top layer against
E. coli and S. aureus, whereas in the absence of HAase it reached
80% at a pH of 7.4. It is worth noting that HAase alone failed to
show any antibacterial activity [247].

In the case of Pectin, chosen as polyanion, Kulikouskaya et al.
reported an ultrathin antibacterial coating with pectin and chitosan
as polysaccharides matrix [248]. It has been found that pectin-
based multilayers exhibited obvious antiadhesive characteristics
due to the prevention of E. coli adhesion. Furthermore, pectin-
silver nanocomposite shows additional bactericidal effects, making
it contact killing and release-based antibacterial coatings.

Hyaluronan (HA) is a ubiquitous extracellular matrix compo-
nent and present in the skin, joints and cornea [249]. HA is nat-
urally negatively charged and can participate in LbL-assembly with
other cationic polyelectrolytes. It is shown that the surface coated
with HA and antibacterial agents not only can improve the effec-
tiveness of killing the bacteria [247] but also reduce the bacterial
adhesion [229,250]. For LbL applications HA is usually combined
with CS. In addition, HA has biological functions that vary depend-
ing on the molecular weight [251]. Following this reasoning, Has-
san et al. extracted HA from rooster comb for the LbL coating of
HA having with M,, = 2.53 x 10° Da (value at the higher end of
the typical range for HA) and CS on nylon monofilaments (NMy)
[252]. CFU results showed less live bacteria for CH/HA-NMy com-
pared to control and NMy coated with CS and HA alone against
S. aureus. However, CS-NMy and CH/HA-NMy showed basically the
same level of antibacterial improvement compared to the other
formulations. We note that the content of CS and HA was not equal
(4 and 8% respectively). Tripathy et al. [231] used dip-coating LbL
to achieve a HA/CS bilayer on a textured silicon wafer. A controlled
coating thickness of 13.7 nm was obtained by alternatively dipping
the textured silicon surface in HA and CS solutions for 10 min. It
was observed that the HA/CS coating on textured silicon reduced
biofilm formation by 25% against E. coli and 38% against S. aureus
compared to the polished silicon wafer.

Alginate (ALG) is another anionic and biocompatible polysac-
charide that can degrade under physiological conditions. ALG can
also be used for the preparation of polyelectrolyte solutions for
LbL-assembly. Biopolymer based multilayers cannot usually resist
mechanical stress under the action of lysozyme, however, by in-
troducing ALG this limitation can be overcome. Silva et al. [232]
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Fig. 15. Interference colors of films of CNFs and PEI (polyethyleneimine) as a func-
tion of the number of layers. For example, 10 refers to a combination of five bi-
layers [258]. Reprinted with permission from Wagberg, L.; Decher, G.; Norgren, M.;
Lindstrom, T.; Ankerfors, M.; Axnds, K., The Build-up of Polyelectrolyte Multilayers
of Microfibrillated Cellulose and Cationic Polyelectrolytes. Langmuir 2008, 24, 784-
795. Copyright 2008 American Chemical Society.

fabricated a LbL-coating based on ALG and other polysaccharides
loaded with diclofenac sodium salt to achieve sustainable release
from soft contact lens. The coating was biocompatible and ex-
hibited antifouling properties and some antibacterial properties
against P. aeruginosa and S. aureus, more significantly against the
latter, as determined from optical density (OD) measurements. It
is noted, however, that the antibacterial effect was attributed to
the top layer of HA [232]. For preventing infection and promot-
ing mineralization, Jialong et al. created a composite ALG coating
on a porous titanium surface via LbL assembly followed by the in-
situ reduction of silver nanoparticles induced by dopamine [253].
Through the methods of disk diffusion, OD measurements, CFU
and live-dead staining, the coating showed antibacterial properties
against S. mutans and S. aureus.

Carrageenan biopolymers are widely utilized in the food pack-
aging, but they have also found utility in the fields of antibacte-
rial applications and wound healing [254]. Jessie et al. proposed a
method to embed Nisin as component into multilayer films made
of carrageenan and chitosan via LbL assembly [255]. In comparison
to control films, CFU data showed that the Nisin-containing films
were able to eliminate over 90% and 99% of planktonic and biofilm
cells from S. aureus and methicillin-resistant S. aureus strains, re-
spectively.

Moreover, as mentioned in Section 2.2.2, cellulose can be
widely used as coating material for antibacterial applications with
chemical modification or combined with other components giv-
ing additional antibacterial activities. The same strategies can be
also applied to the LbL assembly. Specifically, over the last decade,
nanocellulose, has gained particular attraction in advanced mate-
rials formed by LbL since charged surface groups on nanocellulose
can provide good colloidal stability in aqueous media, leading to
well-defined structures and high efficiency of LbL assembly [256],
see Fig. 15. Combined with oppositely charged compositions such
as polyelectrolytes, nanoparticles or even nanocellulose, strong and
ductile coatings can be created on different types of 2D and 3D
surfaces[68]. Furthermore, the influence of cellulose charge in LbL
technique on antibiofouling and antibacterial properties has also
been investigated. It has been suggested that in the assembly of
cationic polyvinylamine (PVAm)/anionic cellulose nanofibril/PVAm,
high cationic surface potential on the LbL-treated surfaces caused
by high surface charge of the cellulose can adsorb and disrupt the
cell membrane of E. coli via high interaction force ~50 nN between
bacteria membrane and surface [67] (optical density (OD) with
spectrophotometry (LIVE/DEAD BacLight Viability Kit). With modi-
fication of natural cellulose, negatively-charged carboxymethyl cel-
lulose and positively-charged e-poly(L-lysine) were alternately de-
posited on a 2D paper surface and reached up to over 99% antibac-
terial reduction (shaking flask method, typical for textiles, followed
by CFU method on agar plates) for 4.5 bilayers against E. coli and
S. aureus without being toxic to animal cells [257].
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Polyanion gum arabic is an edible tree gum exudate used
mainly in food, cosmetic and pharmaceutical industries [259]. In
recent years, gum arabic has also been used for LbL-film fabrica-
tion via electrostatic interaction. Zhang et al. reported multilayer
polysaccharide composite films incorporated with dopamine chem-
istry for coating of an orthopedic implants [260]. Gum arabic was
introduced to improve the biocompatibility for clinical applica-
tions. The results showed that with the increase of the number of
composite layers, the antibacterial properties of the coatings were
significantly enhanced, and the coating was also endowed with
long-term antibacterial effects (live/dead staining; results, however,
were not quantitatively discussed).

4.6.2. LbL-assembly driven by Host-Guest Inclusion for antibacterial
polysaccharide coatings

Host-Guest inclusion is usually developed with the use of sol-
vents, since most macrocyclic hosts are solid at room temperature,
while guest molecules are either solid or liquid [261]. A Host-Guest
complex forms when the host molecule meets the guest molecule,
and this behavior occurs in a solution containing both host and
guest molecules. Considering that the number of solute molecules
is much smaller than that of solvent molecules (in this case, the
host and guest molecules are solute molecules) solvent molecules
keep the host molecules at a distance from the guest molecules,
resulting in reduced opportunities for complex formation and in-
creased opportunities for complex dissociation [261]. Therefore,
Host-Guest inclusion is not the main strategy for LbL-assembly but
can be combined with electrostatic interaction to realize the multi-
functionality of composite films.

B-cyclodextrin (8-CD) as a special polysaccharide or oligosac-
charide, is a cylindrical host molecule with seven glucose sub-
units linked by «-(1, 4) glycosidic bonds [262]. The hydrophobic
cavity of B-CD allows the formation of host-guest inclusion com-
plexes with various substrates in aqueous media [262]. In addi-
tion, since the dynamic nature of supramolecular interaction, it is
found that the LbL-coating based on cyclodextrin can be endowed
with self-healing properties [263]. To achieve an enhanced disin-
fection effect, Hongyun et al. [264] obtained a self-healing and an-
tibacterial spin-coated LbL coating consisting of 8-CD and MoS,.
They demonstrated that the coating self-healed immediately after
scratching, and after UV light irradiation, the antibacterial effect of
the coating was shown based on visual exclusion region inspec-
tion against E. coli from disk diffusion tests. Moreover, the 8-CD
based LbL-coating loaded with drugs can be further used as func-
tional carriers to control the release of antibacterial agents [235].
Antibacterial activity against Gram-positive bacteria has not been
reported.

4.6.3. LbL-assembly driven by covalent bonding for antibacterial
polysaccharide coatings

In order to improve the durability and rigidity of the LbL-
coatings, covalent bonds can be introduced into LbL-multilayers di-
rectly, which also leads to multifunctionality and structural diver-
sity of the films. One of the mostly used material to create co-
valent bonds in LbL-assembly is dopamine, which is widespread
in the adhesion proteins of mussels [265]. In general, there are
three reasons for the use of dopamine or its derivatives in LbL
assembly. First, the catechol groups on dopamine provide strong
adhesion between layers, which broadens the applications of LbL-
assemblies. Second, when metallic ions are immobilized in LbL-
films, the dopamine can contribute to the reduction of metal ions
into nanoparticles providing antibacterial properties. Third, the re-
action of dopamine with specific functional groups on polymers is
mild and can be used to construct LbL-multilayers at room tem-
perature [266].
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Based on dopamine chemistry and chitosan quaternary ammo-
nium salt, Wu et al. fabricated a dynamic surface that could re-
spond to the variation of pH in environment [267]. Under acidic
conditions, the multilayer films were endowed with bactericidal
effects, examined based on area ratios of stained live/dead bac-
teria (LIVE/DEAD BacLight Viability Kit) for S. aureus and E. coli.
Importantly, when the pH was shifted to neutral, dead bacteria
could be expelled to regenerate the biocidal surface. Furthermore,
it was found that the dopamine-modified polysaccharide coating
through LbL-assembly can be also deposited on different types of
substrates.

A summary of the main findings regarding LbL strategies for
fabricating antibacterial coatings can be found in Table 8.

5. From polysaccharides to antibacterial coatings: trends,
roadmap, opportunities and challenges

Polysaccharides present significant potential for antibacterial
coating applications combining a broad range of bactericidal strate-
gies and coating technologies. This has been substantiated by a sig-
nificant number of publications dedicated to the subject, with a
broad range of potential applications, see Fig. 16. As expected, CS
has been most investigated. Cellulose feature prominently as the
second-most popular polysaccharide, however, this is likely due to
its availability making it a very attractive for developing into an-
tibacterial coatings. ALG and HA have also been considerably in-
vestigated, albeit mainly as part of other polysaccharide formula-
tions. All major polysaccharides used in antibacterial coatings refer
to layer-by-layer (LbL) assembly as fabrication method. This is a
testament to both the versatility of the LbL technique but also to
the suitability of polysaccharides for LbL. For CS, dip coating and ES
constitute the second most significant fabrication techniques, while
ES and spin coating feature also significantly for ALG and HA.

From the point of view of developing novel material formula-
tions with enhanced bactericidal effect based on polysaccharides,
choosing an appropriate coating method may seem like a daunting
task. A direct comparison between the different coating technolo-
gies in terms of antibacterial performance is hindered by the lack
of a clear standard in testing antimicrobial properties (see Section
3). However, what is clear is that the choice of fabrication technol-
ogy can in-itself be an enabler of antibacterial properties through
the obtained material structure, e.g. surface morphology [268] and
that the scalability and versatility of the fabrication method is a
decisive factor for practical applications.

5.1. Considerations for selecting a coating technology

We identify three major factors that need to be considered
when aiming to transform a material formulation into an antibac-
terial coating. (i) The first factor depends on the attainable mate-
rial structures through the respective fabrication method that may
bring forth the best in the formulation. (ii) Another major factor is
intrinsic to the material formulation through its rheological proper-
ties and may be a limiting factor in choosing an appropriate tech-
nique. (iii) Finally, when pursuing a specific biomedical application,
scalability is another major aspect that is best considered early in
the research. An additional important factor that is not discussed
in this publication is related to regulatory challenges [269]. A com-
parative summary considering processing and material parameters,
structural benefits and limitations, and scalability of the methods
reviewed in this publication can be found in Fig. 17.

(i) As structural enablers, coating methods vary significantly
from easy to use readily scalable dip coating that can yield rela-
tively smooth surfaces on a variety of substrates, to more challeng-
ing 3D printing and electrospinning techniques that are capable of
delivering controlled porous hierarchical structures [225]. Porous
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Table 8

Summary of Layer-by-Layer fabrication strategies for antibacterial applications.
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Assembly mechanism

Composition

Bacteria tested

Findings

Electrostatic Interaction [245]

Electrostatic Interaction [246]

Electrostatic Interaction [247]
Electrostatic Interaction [252]
Electrostatic Interaction [231]

Electrostatic Interaction [232]

Electrostatic Interaction [67]

Electrostatic Interaction [257]
Electrostatic Interaction [260]
Electrostatic Interaction [248]

Electrostatic Interaction [253]

Electrostatic Interaction [255]

Electrostatic Interaction;
Host-Guest Inclusion [264]
Electrostatic Interaction;
Covalent Bonding [267]

CS, chlorhexidine.

CS, HA, PEL

Modified-CS, HA, PAA.
CS, HA.
CS, HA.

ALG, CS, HA.

Cellulose nanofibril, PVAm
Carboxymethyl cellulose,
e-poly(l-lysine).

Gum Arabic, e-polylysine.

CS, pectin, silver nanoparticles.

ALG, poly(l-lysine),
silver nanoparticles.

CS, Carrageenan, nisin.

B-CD, modified PAA, PEI, MoS2.

Modified-CS, modified-PAA.

Disk diffusion method;
S. aureus.

CFU;

S. aureus, E. coli.

CFU;

S. aureus, E. coli.

CFU;

S. aureus, E. coli.
Fluorescence microscopy;
S. aureus, E. coli.

OD method;

S. aureus, P. aeruginosa.

OD method;

E. coli.

CFU;

S. aureus, E. coli.
Fluorescence microscopy;
S. aureus, E. coli.

CFU;

S. aureus, E. coli.

disk diffusion, OD measurement, CFU

and fluorescence microscopy;

S. mutans, S. aureus.

CFU;

S. aureus.

Disk diffusion method and CFU;
E. coli.

Fluorescence microscopy;

S. aureus, E. coli.

Long-term antibacterial properties.

Bacterial anti-adhesion;

Strong contact killing activity;
Controlled release of therapeutics.
Controlled drug delivery;

Promising antibacterial performance.
Enhanced bactericidal performance;
Controlled release behavior.
Enhanced antibacterial efficacy.

Antifouling capability;
Biocompatible and
antibacterial properties.
Enhanced antibacterial efficacy.

Enhanced antibacterial efficacy.
Enhanced and Long-term
antibacterial properties.

Both antiadhesive and bactericidal effects.

prevent bacterial adhesion and colonization;
good cytocompatibility.

High bactericidal efficiency
Self-healing;

High bactericidal efficiency.
High bactericidal efficiency

[ ] LayerTby-Iayer assembly [l Ele.ctrospi.nning Chitosan
[ 3D printing . Spin coating (587)
Spray coating Dip coating
200
1 35
[2]
g |
-ﬁ 150*_ 1
Q0
o
S |
Q. 100
5 | 2
N .
o} Arabic ' .\/1
o) d
€ 50 gum 3
=] ] 4)
zZ
2016 2017 2018 2019 2020 2021 2022 Carrageenan
9
(a) Year (b) &

Cellulose
(208)
710

a

Alginate
(94)

3

Hyaluronic acid

(73)

Fig. 16. (a) Number of publications regarding antibacterial coatings based on CS, cellulose, ALG, HA, carrageenan and arabic gum per year since 2016 for each coating
technology reviewed. Search terms used: antibacterial AND <polysaccharide name> AND coatings (Web of Science). (b) Number of publications regarding antibacterial
coatings for the main types of polysaccharides for antibacterial applications and the coating technologies used.

structures are especially important for cases where the bone or tis-
sue scaffolds require biomimetic surfaces for better cell prolifera-
tion and attachment. We also note that the surface roughness can
be influenced by the presence of particulate additives especially in
the presence of large agglomerates [130], even if the coating tech-
nology used is expected to produce smooth surfaces. In addition,
special consideration needs to be given to post-processing require-
ments to alter or preserve the coating surfaces. This could include
smoothening electrospun or 3D printed surfaces, if that is an appli-
cation requirement, or preserving a 3D printed structure through
crosslinking. In the latter case, special attention has to be given
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to the cross-linking of the printed materials. Cross-linking can be
performed after printing, during printing using a light source or by
submersion into an ionic bath. This also increases the mechanical
properties of the coating, which is not the strongest side of pure
polysaccharides. In addition to cross-linking, mechanical properties
are usually improved by the addition of various fillers or by blend-
ing with different polysaccharides or synthetic polymers. Flexible
films for the wearable electronics also turn towards hydrogel coat-
ings or specific additives, such as dopamine [270].

(ii) Virtually all types of polysaccharide antibacterial formula-
tions for antibacterial coatings are rheologically-complex, typically
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Fig. 17. Comparative summary of key processing and material parameters together with structural and scalability aspects for the coating methods considered in this review.
Process protocols refer to the succession and timing of events, such as the dip time and evaporation time in dip coating. Flow dynamics includes all geometrical parameters
of a flow domain, flow input parameters such as flow rates, and the resulting velocity and stress distributions. Electrodynamics refers to cases that involve charge transport.

showing a combination of shear thinning, thixotropy and yield
stress, depending on the formulation [271-274]. Especially their
thixotropic behavior and yield stress can be of advantage or detri-
mental for certain fabrication methods. If substantial extensional
deformations are present in the process, e.g. electrospinning and
3D printing, then those would have to be taken into account with
the note that characterization of extensional properties is far more
challenging than shear properties. Surprisingly, however, rheologi-
cal properties are often not reported, which is the case for example
of most spin coated antibacterial formulations reported in this re-
view.

Since the inherent antibacterial properties of pristine polysac-
charides are relatively limited, see Section 2.2.1, polysaccharide-
based formulations need to be augmented by the addition of an-
timicrobial agents. This can be both an enabler for the use of a
certain technique or a limiting factor excluding the use of certain
techniques. For example, the addition of nanoparticles and surface
modifications of polysaccharides typically increase the solution vis-
cosity and induce thixotropy and a yield stress in the formulation.
Up to moderate viscosities this could be advantageous for e.g. 3D

printing and dip coating but be detrimental to e.g. spin and spray
coating. Adding rheology modifiers to make a formulation suitable
for a certain process, if those modifiers | additives have no antibac-
terial role could lead to undesirable effects. Such is the case for
example for spin coating where traces of solvents added to reduce
viscosity could be found in the coatings [139]. In addition, very
high viscosities especially complemented by high volume fractions
of agglomerated nanoparticles can cause clogging of the printing
nozzle in 3D printing or spinneret in ES. Another underreported
aspect of the physical properties of importance for scalability are
the adhesion properties to the substrate. This could prove a chal-
lenge when trying to reproduce results, especially for upscaling.
This is of utmost importance since as polysaccharides can be ob-
tained from various natural sources and there is an inherent vari-
ability associated to them.

5.2. Challenges and opportunities

We identify the following challenges for future advances in an-
tibacterial coating technologies:
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Despite multiple sources agreeing on the issue, it remains a
challenge to compare the antibacterial performance of polysac-
charides coatings. Thus, trends of potential importance for tech-
nological transfer may still be unknown.

Critical material properties are in general underreported; this
coupled with the inherent variability in polysaccharides sources
can make the technological transfer from principle to a biomed-
ical application a challenge. It is easy within a lab environ-
ment to call a surface a coating compared to considering the
full technological implications of upscaling.

It is an enormous challenge to analyze all available data, con-
sidering e.g. the source material physico-chemical properties,
specific mechanisms to kill bacteria, the coating process and
procedures, antibacterial testing methods etc. in a detailed sys-
tematic way. In this respect, there could be trends, correlations
and/or causal relationships that may not be evident, but they
could be revealed on the basis of this review through e.g. arti-
ficial neural networks or machine learning techniques.

At the same time, the state of the art in antibacterial coating

technologies offers a solid platform for future progress in the field:

The potential for multifunctional properties in polysaccharide
coatings has yet to be fully explored. Here in particular, the
addition of nanoparticles, such as 2D nanomaterials, has the
potential to further increase the range of envisioned uses of
polysaccharide based antibacterial coatings [275], particularly
considering the novel 2D material heterostructures currently
being developed.

The individual coating technologies present a template that
could be further explored for tailored multilayer hierarchical
structures as antibacterial coatings. An example could be com-
bining micron-sized porous electrospun surfaces with millime-
ter sized 3D printed pores. Such combinations could be essen-
tial e.g. with respect to the development of controlled release
strategies necessary to optimize therapeutic effects.

To conclude, significant progress has been made on convert-

ing polysaccharides from promising antibacterial materials into an-
tibacterial coatings. The developments have covered a broad range
of the most commonly used coating techniques, with various po-
tential for scalability. Perspectives for further technological ad-
vances lie both in terms of further enhancing the properties of
polysaccharides and structures thereof as coatings as well as devel-
oping market-ready polysaccharide-based coatings for specific ap-
plications. In the case of the latter, further key aspects that may be
keeping such technologies from being adopted at industrial scale
may still emerge.
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