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Abstract

Hospital Associated Infections (HAI) have been growing in number over the years, repre-
senting a concern that requires attention. The most frequent infections are observed in the
urinary tract and 80% of them are catheter related. These infections cause problems ranging
from mild discomfort to severe implications and even death. Being the bacterial adhesion onto
to the material’s surfaces the first step of many of these catheter-related infections, the abil-
ity to modify those materials, conferring them anti-adhesive features, is seen as an important
strategy towards the prevention and/or reduction of HAI.

Bacterial adhesionis a complex phenomenon mediated by several factors. Bacteria have mor-
phological differences like different shape and cellular wall composition, surface appendages,
surface hydrophilicity/hydrophobicity and surface charge and the complexity of bacterial adhe-
sion increases when they interact with material surfaces and under variable environmental con-
ditions. This review focuses on the design of novel materials for urinary catheters based on the

factors that affect bacterial adhesion and biofilm formation. Strategies being developed to con-
fer these urinary catheters biodegradability and antimicrobial properties will also be discussed.

Keywords: Biomaterials; Urinary catheters; Anti-adhesive; Surface modification; Bacterial

adhesion.

Introduction

Bacterial adhesion is a concern in several fields including
hospitals, implants, diagnostic tools, membranes, bioreactors,
food and marine industry, among others [1]. In the healthcare
sector, dealing with bacterial adhesion and consequent biofilm
formation through the design of novel anti-adhesive materials
can help to decrease expenditure [2], antibiotic resistance and
deaths resulting from material-related infections [2]. Over 90%
of implants contain pathogens due to the contact with patients
skin, medical personal clothing, and medical equipment, or due
to their presence in the patient’s body when implanted [3]. In
2017, it was estimated that 8.9 million registered infection cas-
es occurred in hospitals and long-term care facilities only with-
in Europe [4], while this number in 2012 was estimated to be
more than 4 million [2]. As also it can be seen from the infection

cases, the global rise of human infectious disease outbreaks is a
current well known concern [5].

The most frequent infections are observed in the urinary
tract. Urinary tract infections account for 30-40% of total HAI
worldwide and 80% of those infections are associated with uri-
nary catheters. Moreover, it is important to notice that these
statistics have been drawn for developed countries and that for
less developed countries numbers are expected to be 3 -5 times
higher [6]. Both catheters and stents offer a simple method to
maintain internal drainage of urinary track. However, these bio-
medical devices provide an ideal place for bacterial colonisation
and biofilms formation leading to infections and playing a criti-
cal role in morbidity [7]. Catheters can be used for short-term
(up to 7 days) or long-term (28 days or longer) procedures [8].
Indeed, urinary catheters can stay in place for up to 12 weeks,
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however, this is not the common case due to encrustation and
bacterial infection, which can block catheters and cause com-
plications ranging from mild encrustation and bladder stones to
severe septicaemia, endotoxic shock and pyelonepbhritis [9].

Factors that prevent urinary infections in healthy people are
(1) the repeated sloughing of urethral epithelial cells, (2) innate
mucosal immune function and (3) the periodic flushing action
of urine expelled from the bladder. As mentioned, with cath-
eters, the material surface offers a spot for bacterial colonisa-
tion, followed by biofilm formation and encrustation [8]. As a
solution to overcome this problem, intermitted catheters (IC)
can be used, however, not all patients are eligible to use them,
particularly those lacking the ability to take care of their own
needs. Nevertheless, the occurrence of infections is the main is-
sue arising from catheter’s use independently of being for long-
term or short-term procedures. Indeed, all catheter types and
brands are somehow susceptible to bacterial adhesion leading
ultimately to infections [9].

The infection and bacterial colonisation of the catheters start
with the reversible attachment of planktonic bacteria to mate-
rial’s surfaces. Afterwards, the bacteria can either go back into
the bulk medium or strengthen its bond with the surface, re-
sulting in an irreversible adhesion [1]. When proper conditions
are provided, the bacteria will divide and form microcolonies,
and then, those microcolonies will grow and form a mature
biofilm [10]. A biofilm is a microbial community surrounded by
a polymer matrix composed of polysaccharides, secreted pro-
teins, lipids and extracellular DNA [11]. However, at this stage,
continuous growth of the microbial colonies can become un-
sustainable due to environmental limitations such as low levels
of oxygen and nutrients. Hence, bacteria can be dispersed into
the liquid solution and these cells can again attach to (other)
surfaces and form new biofilms [10]. Biofilms provide several
advantages for bacteria survival including a greater access to
nutritional resources, improved survival to biocides, enhanced
organism productivity and interactions and greater environ-
mental stability [1]. Bacteria within biofilms are resistant to
antibiotics and it has been shown that bacteria collected from
both urine and stents are resistant to antibiotics resulting from
their biofilm state as can be inferred by the expression of spe-
cific biofilm-related genes. Therefore, it is crucial to prevent
bacterial adhesion and biofilm formation onto these biomedical
devices [12]. Indeed, understanding bacterial adhesion is a key
step to further design novel anti-adhesive materials for many

applications. In this review, we will discuss the interactions and
conditions affecting bacterial adhesion and the design of new
materials for urinary catheters.

Forces mediating bacterial adhesion

When bacteria is moving from liquid to a solid surface, Van
der Waals, electrostatic (or Coulomb) and acid-base interac-
tions are the first physicochemical forces that bacteria experi-
ence [10]. Van der Waals forces are the most long-ranged ones
with distances up to 1 um and these forces become gradually
stronger when surfaces become closer [13]. Van der Waals in-
teractions are generally attractive, while electrostatic interac-
tions are modulated by the ionic strength and the pH of the
liqguid environment, and acid-base hydrophobic interactions
can be attractive or repulsive depending on the environment,
bacterium and surface chemistries [10]. While Van der Waals
interactions are more dominant close to the surface, the elec-
trostatic ones become more dominant at a distance [14]. These
bacterial adhesion forces are measured in the picoNewton and
nanoNewton ranges [15]. Stronger forces (>10 nN) can cause
bacterial cell wall damage and bacterial cell death [13].

Considering the forces applied on a surface, different theo-
ries have been developed to explain physicochemical interac-
tions between bacteria and interacting surfaces, namely the
Derjaguin-Landau-Verwey Overbeek (DLVO) theory, the ther-
modynamic theory and the extended DLVO (XDLVO) with ther-
modynamic approach [16]. However, all these theories do not
completely describe adhesion since the bacterial surface is
complex, as well as structurally and chemically heterogeneous.
Furthermore, extracellular polymeric substances (EPS) and pro-
teinaceous cell appendages bridge between bacteria and the
substrate, directly affecting bacterial adhesion and the theo-
ries are unable to model it. While EPS is important for biofilm
formation, the presence of proteinaceous cell appendages are
often essential for the initial bacterial adhesion [17]. Thus, ex-
perimental bacterial adhesion studies and design of new anti-
adhesive materials remain of critical importance [16].

Factors affecting bacterial adhesion

Adhesion of bacteria onto surfaces depends on three main
factors (Figure 1), namely bacteria itself (so-called biological
factors), material surface (so-called physicochemical factors)
and the surrounding environment (so-called environmental fac-
tors) [10] which must be considered when engineering materi-
als to confer them anti-adhesive properties.

Bacterial Adhesion

Biological Factors
* Bacteriatype: Cell structure/composition
* Surface charge
* Hydrophilicity/hydrophobicity
* Surface appendages

Physiochemical Factors

Environmental Factors

Hydrophilicity/hydrophobicity *+ pH

Surface energy * |onic Stregth
Surface charge * Proteins
Roughness * Flow/flow rate

Hardness
Film thickness

Figure 1: Details of the polyethylene terephthalate (PET) shield. (A). The blue print of the PET shield. All measurements are in mm.

2



MedDiscoveries LLC

Biological Factors

Urinary infections are caused by both internal microflora
and external contamination [9]. The bacteria most commonly
found in catheter-related infections are Enterococcus faecalis,
Pseudomonas aeruginosa, Staphylococcus aureus, Staphylococ-
cus epidermidis, Klebsiella pneumoniae, Proteus mirabilis, Pro-
teus vulgaris, Escherichia coli, Citrobacter freundii, Providentia
rettgeri, Candida albicans, Morganella morganii, Burkholderia
cepacian, Providencia sp., Providencia stuartii [8,9,18]. From all
those bacteria, E.coli, E. faecalis, S. epidermidis are frequent in
short-term device applications, while P. mirabilis, P. aeruginosa,
P. stuartii, M. morgani and K. pneumoniae usually occur in long
term applications [18,19]. In indwelling catheters, P. mirabilis
biofilm is the main concern, while in intermitted catheters, the
main infections that occur are caused by E. coli due to the mi-
croflora of meatus being pushed into the bladder [9].

Bacteria can be divided into Gram-negative and Gram-posi-
tive depending on the cell wall composition [20]. Although both
bacteria types are seen, gram-negative bacteria seem to be the
dominant bacteria type in urinary infections [8,9,18]. One of the
main differences in these two types of bacteria is the thickness
of the peptidoglycan layer in the cell wall. Gram-positive bacte-
ria have a thick peptidoglycan layer above the cell membrane,
while gram-negative ones have a thin peptidoglycan layer be-
tween the cell membrane and outer membrane layer and it in-
cludes a gel-like region which is called periplasmic space [20].
Thus, gram-negative bacteria have a less rigid surface com-
pared to the gram-positive ones and, the more flexible cell wall
of gram-negative bacteria can promote a better adhesion onto
rough surfaces [21]. Furthermore, the outer cell wall in gram-
negative bacteria consists of lipopolysaccharides, whereas in
gram-positive bacteria teichoic and lipoteichoic acids in the wall
are attached to the peptidoglycan layer [20].

Additionally, bacteria are almost always negatively charged
[20]. Bacteria cell surface charge originates from dissociation or
protonation of carboxyl, phosphate and amino groups and con-
sequently depends on the environmental pH [22]. The negative
bacterial charge is mainly due to phosphate groups in teichoic
acids for gram-positive bacteria [23] and phosphoryl and 2-keto-
3- deoxyoctonate carboxylate groups in gram-negative bacteria
[20]. However, the bacterial cell is highly heterogeneous and
contains various exposed proteins, lipids and exopolysaccha-
rides, that exhibit different charges and hydrophobicity de-
pending on the growth conditions such as environmental pH
and ionic strength, to provide adhesive adaptability [10,24].
Surface charge is also influenced by the bacteria age and sur-
face structure. A high surface charge usually goes together with
hydrophilic bacteria [25]. The hydrophobicity of bacteria differs
according to the bacterial species and it is also influenced by
growth, medium, bacteria age and surface structure [26]. Mi-
crobial cell hydrophobicity can be determined by contact angle
measurements and the values for some of the abovementioned
bacteria can be found in literature [27].

A great variety of structural surface appendages like fimbriae
or flagella can be found on the top of the peptidoglycan layer in
gram-positive bacteria and on the top of the outer membrane
in gram-negative bacteria [22]. The surface appendages are ex-
tracellular structures which are important in bacterial growth
and survival in diverse environments [28]. Filamentous protein
extensions and surface appendages from the cell surface, in-
cluding flagella, fimbriae, curli and pili, are involved in the non-
specific initial adhesion to abiotic surfaces [10]. On the other

hand, non-fibral adhesins on the surface of bacteria can play a
role in the close contact between bacterial cell and substrate, as
well as in the maturation of interactions and irreversible adhe-
sion [10,24]. It has been shown that adhesins like Fimbriae type
1 (FimA), Fimbriae S (SfaS), PapC (which forms pili) [29] and ex-
tracellular polysaccharides [24,30,31] and eDNA (extracellular
DNA) [32] also promote adhesion. Moreover, bacterial cells are
highly dynamic, and they can adsorb ions and macromolecular
components. Charged groups may associate or dissociate upon
changes in pH or ionic strength of the surrounding fluid and
even when approaching a charged surface. This might induce
changes in the conformation of different kinds of surface ap-
pendages as fimbriae and flagella [22].

Additionally, bacteria can reach a surface by active and/or
passive movement. While some bacteria have swimming motil-
ity, some are subjected to physical forces like Brownian motion
and gravitational forces to bring them close to the surface. In
active movement, bacteria have flagella, which are responsible
for the swimming ability by generating a propulsive force. They
can also play a role in reversible and irreversible adhesion. Fla-
gella can direct the swimming towards a surface in response to
the cues in environment like chemical signals, light, tempera-
ture, magnetic fields and oxygen [10,24].

Physicochemical factors

Several physicochemical properties of the surfaces affect
bacterial adhesion, namely, wettability, surface energy, sur-
face charge, roughness and others like hardness and film thick-
ness [33,34]. The hydrophobicity effect on bacterial adhesion
is mostly governed by the hydrophobicity of the bacterial cell
[10]. Hydrophobic bacteria show higher adhesion compared to
hydrophilic bacteria, while hydrophilic materials were found to
be more resistant to bacterial adhesion than hydrophobic ma-
terials. Large numbers of bacteria adhere to hydrophobic sur-
faces with little or no surface charge, however, this number is
smaller for hydrophilic surfaces [26]. The number of bacteria
becomes even smaller if the hydrophilic surfaces are negatively
charged [25]. A study suggests that bacteria adhere with only
few strongly binding macromolecules on hydrophilic surfaces
whereas bacteria adhere with many weakly binding macro-
molecules leading high adhesion with low variability on hydro-
phobic surfaces. [35]. Anti-adhesive materials via hydrophilic
surface modification will benefit from a hydration layer formed
on the material surface which acts as a barrier to the bacte-
ria approaching [36]. Although there is an increased interest in
hydrophilic surfaces, the bacterial inhibition observed on some
natural surfaces like lotus leaves, dragonfly wings and shark skin
has inspired the scientific community to also work on the de-
sign of superhydrophobic surfaces. These surfaces, due to their
superhydrophobic nature, form air pockets on the surface of
the materials, preventing bacteria from approaching and con-
sequently adhering [10] and, they are also easier to clean due
to a weaker binding at the interface [37].

An additional parameter affecting bacterial adhesion is
surface energy [38]. Katsikogianni et al. showed that bacte-
rial adhesion was negatively correlated with the total surface
free energy and its polar component according to dispersive-
polar approach, where total surface free energy is expressed
as the sum of polar and dispersive components [39]. Adhesion
free energy becomes more negative resulting in an increased
bacterial adhesion strength with the increasing hydrophobic-
ity of a surface [40]. However, some studies have shown that
low surface energies (20-30 mN/m) have the lowest adhesion
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[34]. This may be due to the chemical and physical properties
of bacteria, substrates and water solution used [38]. However,
since surface energy values are usually calculated using contact
angle values, which are an indication of hydrophilicity and hy-
drophobicity, conflicting results can arise from using these wet-
ting properties of the materials [37].

Another factor influencing bacterial adhesion is the material
surface charge. As previously mentioned, bacterial cells gener-
ally exhibit a net negative charge. As most surfaces are natu-
rally negatively charged, bacteria experience electric double
layer repulsion [34]. However, positively charged surfaces can
be used to kill bacteria by attracting them and damaging their
cell wall [33].

Roughness is another parameter showing conflicting results
[41]. The general opinion in the literature reports that irregu-
larities on polymer surfaces promotes bacterial adhesion, while
ultra-smooth surfaces show lower bacterial adhesion. This sur-
face behaviour has been explained with the increase of favour-
able sites on the surface area for bacterial attachment [34].
However, other studies showed that roughness had no effect or
even inhibited the adhesion of bacteria [42] in cases of creating
nano roughness [42]. This kind of conflicting results may be due
to the bacteria used, as bacteria type (gram type) [21] and fibral
structures like flagella [43] can make a difference. Moreover, it
should also be noticed that the surface roughness can affect its
hydrophilicity and hydrophobicity. Surface wetting can either be
homogeneous or heterogeneous, which have different impacts
on bacterial adhesion. The Wenzel's phenomenon suggests
that both hydrophilicity and hydrophobicity are enhanced by an
increasing roughness on homogenously wetted surfaces, mean-
ing that a hydrophilic surface will become more hydrophilic and
a hydrophobic surface will become more hydrophobic [44]. The
porous surfaces behave according to another phenomenon, the
so-called Cassie-Baxter phenomenon. In this state, the water
droplet heterogeneously wets the surface causing air pockets
and affecting the wettability [45]. In this way, hydrophobic sur-
faces can prevent bacterial adhesion.

Additionally, micro-texturing has also been found to be ben-
eficial on surfaces where bacteria width is bigger than the gap
between micro-textures. This reduces the bacterial adhesion by
reducing the surface area [34]. Thus, it is important to tune the
dimensions and shapes of textures according to the bacterial
cell to control bacterial cell adhesion [46,47]. Micro and nano
texture of the surfaces can also be arranged in a way to me-
chanically rupture bacterial cell wall, thus providing antibacteri-
al properties while avoiding antimicrobial resistance. However,
this mode of action works better for gram-negative bacteria,
due to its flexible cell membrane which allows stretching and
tearing upon surface adsorption [48].

In addition to the factors discussed above, other factors like
hardness and film thickness have attracted attention. While it
had been found that increased hardness reduced bacterial cell
adhesion in polymers [26,49], there has been reports that soft
materials were more resistant to bacterial adhesion [50]. On
the other hand, the film thickness was important for soft ma-
terials and thicker films reduced bacterial adhesion, which was
thought to be due to the stiff substrate having a higher effect on
thin films [50].

Environmental factors

Environmental effects caused by the presence of proteins,
ions, pH and flow rate can also play a role in bacterial adhe-
sion. Human urine consists of 91-96% water and the remaining
parts comprise inorganic salts, urea, organic compounds and
organic ammonium salts [51]. It was found that pH and the ionic
strength of the surrounding buffer affect the cell surface and ma-
terial surface’s hydrophobicity [52]. The pH of urine is between
4.5-8 [19]. A catheter problem which arises due to increased
pH in the medium is encrustation. It may cause blockage of the
catheter leading to damage of the bladder, ureters and kidneys
[9]. Encrustation can occur due to metabolic dysfunction but
generally, it is due to bacteria as urease-producing bacteria (P.
mirabilis, P. vulgaris and P. rettgeri). Urease hydrolyses urea into
ammonia and carbon and with increased ammonia, the pH of
the urine increases above 8.0, causing calcium and magnesium
phosphate to crystallise. However, some urease forming bac-
teria species do not form crystals due to low levels of urease
production. Some of these species include P. aeruginosa, S. au-
reus, K. pneumoniae, E. coli, M. morganii, and P. stuartii. Never-
theless, other bacteria can still produce mucoid which can also
cause catheters blockage. Thus, catheters should be resistant
to bacterial adhesion, biofilms formation and encrustation [9].
On the other hand, ionic strength is one of the factors affect-
ing bacterial adhesion. At low ionic strength (€20 mM) adhesion
can be driven by electrostatic repulsion, while Van der Waals
and hydrophobic interactions can be primary driving forces at
higher ionic strengths (50-100 mM) [14]. The ionic strength of
urine is mainly determined by sodium and chloride due to their
abundance [53] and its physiological ionic strength is 150 mmol
L-1 [54]. Due to the relatively high ionic strength value, it can be
said that the adhesion will be driven by Van der Waals and hy-
drophobic interactions thus, the design of new materials should
be more focused on wetting properties of the materials rather
than on surface charge. Moreover, other ions like calcium can
also enhance bacterial adhesion [14]. While low amount of iron
and manganese weaken bacterial adhesion, phosphate limita-
tions enhance bacterial adhesion [10].

Furthermore, a conditioning film is formed on the surface
of the urinary catheter when it enters into the body [19]. This
conditioning film consisting of proteins, polysaccharides [55]
and urine can make the surface more susceptible to bacterial
adhesion [8,56]. Tamm-Horsfall glycoprotein and other protein-
aceous molecules like serum albumin, fibrinogen, collagen and
fibronectin can be found in conditioning films [57]. Tamm-Hors-
fall, fibrinogen and fibronectin can promote bacterial adhesion
[8,58] while albumin inhibits it [59,60] and collagen has been
shown to promote and inhibit bacterial adhesion depending on
the experimental conditions [61,62]. Urine also includes pro-
teins from urothelial cells, as well as damages at the urethral
lining caused during insertion of catheters [19]. Electrolytes,
ions, mineral and other organic molecules will also be present
on the conditioning film [19,63—-65]. Furthermore, initial bacte-
rial adhesion stages in alkaline environments can cause the for-
mation of microcrystals on the catheter surface which are also
proven to support bacterial adhesion (Figure 2) [8,66].




MedDiscoveries LLC

.:Crystals
W :Proteins @ Bacterium
:Polysaccharides '
m—) A :lons — o
an S '-m
VAAV A VA ATAY A VA o el

Clean Catheter
Surface

Biofilm formation
Encrustation

Conditioning film Bacterial adhesion

formation

Figure 2: Stages of biofilm formation on catheter surfaces [adapted
from 9,19,67].

Other important factors to prevent bacteria from reaching
and adhering to the surface are flow and shear. If the flow rate
is high, it would cause a lower boundary layer, thus bacteria
near to the surface are affected by higher shear and at high
velocity, causing difficulties in bacteria to approach the surface
[10]. Furthermore, antimicrobial substances can be depleted
from the surface in a shorter time compared to static condi-
tions. Therefore, catheters should be studied under flow [68].
Unfortunately, the lack of standard testing methods make the
development and study of new materials harder to compare,
due to absence of well-documented data on bacterial adhesion
onto different materials [19,69].

New materials for urinary catheters

Catheters are one of the most commonly used medical de-
vices [9] and bacteria with antibiotic resistant genes found in
biofilms and in urinary samples of patients, raises even more
concerns [7]. Thus, there is a great need to develop better ma-
terials that can prevent or reduce bacterial adhesion, and sub-
sequently biofilm formation and related infections [7].

In order to evaluate these newly designed materials, in vitro
testing models have been developed [9,70,71]. However, the
evaluation is still a challenge as the urinary systems are complex
and inconsistent [75] with several difficulties at mimicking listed
in Table 1. Nevertheless, in vitro models are important to test
new materials since they can help to avoid ethical issues and
higher cost which comes with in vivo tests [9]; however, there
is still a need for standard and realistic models to be developed
in order to evaluate the performance of the new materials in
equivalent conditions.

Table 1: Difficulties at mimicking urinary systems in in vitro
studies.

Factors Complexities of urinary systems

Bacteria The variation in bacteria types in urine [8,9,18]

Strain used with reduced abilities to attach in vitro studies [72]
Use of only cultivable strains for in vitro studies [72]

Variation in bacteria colonisation time [73]

Variation in the number of bacteria [19]

The difference in nutrients and nutrient levels [72]

Lack of Host defence system like antimicrobial proteins and
peptides for in vitro models [72]

Presence of proteins, cells and crystals in urine [9]

Oxygen amount for bacterial growth [75]

Other parameters like flow, temperature, osmolarity [68,72]

Urinary fluid

Material Conditioning film on material [19,55,63—-65]
Crystal formation on material [8,9,66]

Biocompatibility, stability of the material or modification [72]

Strategies to develop new materials to prevent bacterial
adhesion in urinary catheters include mainly (1) incorporating
antimicrobial agents and (2) developing antifouling surfaces
[33]. The most common commercial products use antimicrobial
coatings with silver and antibiotics like nitrofural, sparfloxacin,
rifampicin, minocycline, and antifouling coatings by combina-
tion with hydrophilic coatings and hydrogels [19,74,75]. How-
ever, studies are still being conducted to develop more effective
technologies.

Antimicrobial coatings

Antimicrobial studies involve using antimicrobial coatings
comprising antibiotics (e.g. rifampicin, triclosan), silver or
nanoparticles (carbon nanotube and graphene oxide), enzymes
and peptides [8,9,74,76]. Antibiotic coatings are less effective
at preventing biofilm formation since urinary tract infections
are mostly caused by antibiotic resistant pathogens [9]. Silver is
one of the most commonly used antimicrobial agent [74] and it
has provided effective results either alone [77] or in combina-
tion with other molecules [78]. The combination of silver with
antibiotics (amikacin and nitrofurantoin) also showed a syner-
gistic effect by inhibiting bacterial adhesion more effectively
compared to the single use of any of them [78]. Although sil-
ver plays an important role in the development of antimicrobial
catheters, this type of catheter loses its antimicrobial ability in
long term uses. The intermittent use can also cause bacterial
resistance [74]. Moreover, silver can cause hypersensitive reac-
tions in patients and there is a growing concern about a pos-
sible emergence of resistant bacteria [9]. Another bactericide
used is nitric oxide which is an endogenously produced bacte-
ricidal gas used in urinary catheter studies [79]. Implementa-
tion of nitric oxide has shown some better results compared to
silver, however there can be side effects like decrease in blood
pressure, inhibition in platelet aggregation, increased bleeding,
skin irritation, skin edema/erythema and uncontrolled erection
[80]. Thus, other alternatives like antimicrobial enzymes [81]
and peptides [82] are being investigated as they are less likely
to cause the development of bacterial resistance and they may
be less toxic to tissues compared to silver [74]. However, their
production is more expensive [74,83] and their use might be
limited due to enzymatic degradation [84]. Less toxic surfaces
with antibacterial properties can also be achieved by the use
of natural substances like phenolic compounds, such as vanillic
acid which was found to be effective [85], and chitosan which
can offer bactericidal and antifouling properties while being
cheap and biocompatible [86].

When designing materials, antimicrobials can be incorporat-
ed into the surface by using an antimicrobial release approach
which affects the material surface and the surrounding or can
be bonded to the surface, affecting only the surface of the mate-
rials as shown in Figure 3. This incorporation strategy is decided
according to the type of antimicrobials incorporated [87]. While
some leaching antimicrobials may sensitise patients and cause
life-threatening anaphylaxis [87], in other cases surface-bond
antimicrobials may lose their efficiency [88]. Surfaces modi-
fied with antimicrobials can lose their effectiveness after being
implanted since film conditioning and dead bacterial cells can
cover the top of the materials preventing the material surface
from functioning [72]. Therefore, it is recommended that anti-
microbial strategy is implemented along with another strategy.
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Figure 3: Antimicrobial surfaces by incorporation and release of
antimicrobial agent or bonding of antimicrobial agent to the sur-
faces.

Antifouling surfaces

Some other strategies focus on forming anti-adhesive sur-
faces by modifying the surface physiochemical properties, for
example developing hydrophilic and superhydrophobic [74,89]
surfaces as shown in Figure 4. Catheters possessing hydrophilic
surfaces have been commercially available [8]. Formation of
polyethylene glycol brushes (PEG) has been one of the most
studied hydrophilic surface modifications [90], being consid-
ered the gold standard; however, these modified surfaces are
unstable due to oxidation [91]. There are other hydrophilic
surface modifications that can be considered, including poly[N-
(2-hydroxypropyl) methacrylamide] (poly(HPMA)) brush [92]
or polysaccharides like heparin [93], hyaluronic acid [94] and
chitosan [95,96]. Zwitterionic polymers can be alternatively
used to confer hydrophilicity to surfaces. The most common
zwitterionic polymers are phosphorylcholine, sulfobetaine and
carboxybetaine [74,97,98]. Although they have been exten-
sively studied as the next generation of promising antifouling
materials [84], the long-term stability of zwitterionic surface is
still a concern [74]. The use of amphiphilic polymeric coatings,
by the combination of dodecyl methacrylate, polyethylene gly-
col methacrylate and acrylic acid, has also proven to prevent
bacterial adhesion significantly [56]. An amphiphilic coating
which was effective against both bacteria and protein adhesion
was performed by synthesising a polymer from hydrophobic
benzyl methacrylate, hydrophilic polyethylene glycol methac-
rylate and methacrylic acid [99]. Another amphiphilic moiety
reported in the literature is the use of biosurfactants such as
surfactin, rhamnolipids and several other surface active com-
pounds produced by microorganisms [100]. Biosurfactants are
advantageous due to their low toxicity, biodegradability and
biocompatibility. Furthermore, they show both anti-adhesive
and antimicrobial properties and thus they offer a great poten-
tial to be used in urinary catheters [101].

L AAAAA

Superhydrophobic Antiadhesive
Surfaces

Hydrophilic Antiadhesive Surfaces
: Live Bacteria

Figure 4: Anti-adhesive surfaces via hydrophilic and superhydro-
phobic approaches.

In general, thin hydrophilic coatings like polymer brushes
may not be mechanically stable in the long-term use. Thus, hy-
drogel coatings can be promising considering biocompatibility,
functional group density and lubricity. The problem with hy-
drogel coatings is that they are fragile due to weak interactions
between the coating and the substrate. Nevertheless, cross-
linking of the coating to the substrate can avoid this problem
while improving its anti-adhesive performance [102]. Hydrogels
can also be used in combination with antimicrobial agents. In a
study performed by Su et al [103], a hydrogel from PEG oligo-
mers modified with the antimicrobial agent methacrylate modi-
fied polyhexamethylene quinidine, showed potential use.

Although antifouling surfaces are advantageous against an-
timicrobial resistance, the results obtained by anti-adhesive
surface modifications are generally considered to be modest
compared to surfaces modified with antimicrobial agents [56].
Hence, modifications employing the combination of both strat-
egies are being developed. Polyethylene glycol has been a pop-
ular choice in studies combining antifouling and antimicrobial
functions. A study with antimicrobial and antifouling properties
was done by combining polyethylene glycol with quaternary
ammonium salts [104]. Another study with switchable surface
features was also designed by combining polyethylene glycol as
antifouling and poly[2-(dimethyl decyl ammonium)ethyl meth-
acrylate] as bactericidal lower layer [105]. In a study done by
Li et al [106], a coating consisting of copper ions incorporated
in poly(3-sulfopropyl methacrylate potassium salt) brushes was
developed. The study showed that the use of copper ions as
antimicrobials increased the efficiency of antifouling surfaces.
In another study, zwitterionic polymer poly(sulfobetaine meth-
acrylate) as antifouling and quaternary ammonium salts as
antimicrobial agents were combined and were found to effec-
tively prevent biofilm formation [107]. Moreover, antimicrobial
peptides were also combined with zwitterion poly(3-[dimethyl-
[2-(2-methylprop-2-enoyloxy)ethyl] azaniumyl]propane-1-sul-
fonate), polymer brushes as an antifouling lower layer which
provided significant inhibition in bacterial adhesion [108]. Fur-
thermore, combining antifouling surfaces with antimicrobial
surfaces can also increase life cycle of the surface modification
as dead bacteria cells can be removed from the surface with
antifouling functionality [106].

Additional to hydrophilic surface modifications, the develop-
ment of superhydrophobic surfaces [109] is another anti-ad-
hesive surface approach that can be explored to prevent and/
or reduce bacterial adhesion. The surfaces presenting water
contact angles higher than 150° are called superhydrophobic
surfaces. The anti-adhesive principle of superhydrophobic sur-
faces is the formation of solid-air-liquid, air pockets, interfaces
within micro / nano morphologies. Thus, both surface chemical
composition and roughness plays a role [89]. Although superhy-
drophobic surfaces can provide anti-adhesive features through
formation of air pockets, they can be released from the sur-
faces over time, thus limiting the use of these type of surfaces
[33,34]. Nevertheless, superhydrophobic surfaces still attract
attention and their effectiveness has been evaluated through
different methods and performance tests. In a recent study, tri-
fluoropropyl was used for superhydrophobic surface modifica-
tion and provided a reduced bacterial adhesion due to cleaning
features [110]. Furthermore, both antimicrobial and antifouling
strategy of superhydrophobic surfaces could be used to modify
the surface. In a study by Zhang et al, [109], silver nanoparticles
were modified with 1H,1H,2H,2H-perfluorodecanethiol, which
provided anti-adhesive properties. Additionally, it was shown
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that non-stick polytetrafluoroethylene coating combined with
silver inhibited bacterial adhesion [111,112].

Other Strategies

In addition to the use of antimicrobial and antifouling surfac-
es, several other approaches have been explored. There have
been studies to reduce bacterial adhesion by forming specific
micro and nano patterns on the surface topography. These sur-
faces reduce the bacterial adhesion by reducing the amount of
accessible area for bacteria to adhere onto the surface [8,113].
Further modification via lubricant immersion on nanopatterned
or porous surfaces can result in highly effective surfaces [114].
Furthermore, those nanopatterns can also be arranged in a way
to provide bactericidal properties to the surface [115]. Howev-
er, it is important to note that nanopattern design parameters
like shape, height, diameter and spacing affect the anti-adhe-
sive behaviour of the surface [33,116].

Some other approaches incorporate viral and bacterial treat-
ment which can be alternative to antimicrobial compounds. For
example, bacteriophage therapy [117], has provided encour-
aging results, although the drawback is the strain specific host
range and lack of clear regulation [8,118]. Probiotic coatings as
displacement of pathogenic bacteria on urinary catheters have
also provided some success [119]. Probiotics work based on the
competitive exclusion properties and specific bacterial adhe-
sion ability. For example, lactic acid producing probiotics can
have several benefits including antimicrobial, antiadhesive and
anti-QS (quorum-sensing) signalling. They further reduce the
pH of the environment and this could also mean anti-encrusta-
tion properties [120]. Signal interference is another strategy to
hinder bacterial communication within biofilm [74]. A coating
with acylase PvdQ (an acylase with an N-terminal nucleophile
(Ntn-hydrolase) which is a part of the pyoverdine gene cluster
(pvd)) reduces biofilm formation by inactivating long chain N-
acyl homoserine lactones (AHL) in QS system [121].

Biodegradable catheter alternatives can be another option to
prevent bacterial adhesion and encrustation. Although variable
degradation or fragment formation are current problems [122],
biodegradable stents with antimicrobials, such as peptides and
copper ions, have shown potential in urinary applications [123].
This kind of constantly renewable antimicrobial surfaces could
represent the solution to both bacterial adhesion and encrusta-
tion, if the problems with un-uniform degradation or fragment
formation can be solved.

Conclusions & future perspectives

Urinary catheters are commonly used medical devices for
which bacterial adhesion remains a huge health problem. Some
of the most critical challenges that are involved in the bacterial
adhesion phenomena are: dealing with complex body fluids and
molecules; a significant high number of bacteria types; physico-
chemical interactions with the materials surfaces and problems
resulting from encrustation. Understanding bacterial adhesion
is key to develop strategies and design new anti-adhesive ma-
terials for catheters. Several approaches, including hydrophilic
coatings, hydrogels, antimicrobial coatings and surface pattern-
ing or combinations thereof, seem to offer interesting results.
However, despite all the progresses in the material science
field, there is still a great need for durable materials that can
efficiently deal with the abovementioned challenges. Achieving
durable and antibacterial surfaces with only one strategy like
antimicrobial or anti-adhesive is not an easy task as both strate-

gies have disadvantages; thus, a proper combination of syner-
gistic approaches can be beneficial at obtaining more resistant
surfaces for a longer usage period. Moreover, probiotic coatings
seem to be an interesting option for future applications, con-
sidering that they have a combination of several strategies like
antimicrobial, antiadhesive, and anti-QS. However, the stabil-
ity and shelf-life of such coatings might need to be considered.
Another recently explored alternative is the use of biodegrad-
able catheters made from hydrogels, being this a promising ap-
proach to develop anti-adhesive properties while preventing
encrustation due to constant dissolving state, which warrants
further research and development.
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