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A B S T R A C T

Catheters and ureteric stents have played a vital role in relieving urinary obstruction in many urological condi-
tions. With the increasing use of urinary catheters/stents, catheter/stent-related complications such as infection
and encrustation are also increasing because of their design defects. Long-term use of antibiotics and frequent
replacement of catheters not only increase the economic burden on patients but also bring the pain of catheter
replacement. This is unfavorable for patients with long indwelling catheters or stents but inconvenient to replace.
In recent years, some promising technologies and mechanisms have been used to prevent infection and encrus-
tation, mainly drug loading coatings, functional coatings, biodegradable polymers and metallic materials for
urinary devices. Obvious effects in anti-encrustation and anti-infection experiments of the above strategies in vivo
or in vitro have been conducted, which is very helpful for further clinical trials. This review mainly introduces
catheter/stent technology and mechanisms in the past ten years to address the potential impact of anti-
encrustation coating of catheter/stent materials for the prevention of encrustation and to analyze the progress
made in this field.
1. Introduction

Urological devices such as catheters and stents are commonly utilized
by urologists to treat obstructions through temporary or permanent
drainage. The most commonly used catheter today is the Foley catheter,
which was introduced by Dr Frederick B Foley in the mid-1930s and is
used in hospitals and the community [1]. In 1949, Herdman first
described ureteric stents [2]. Thomas Hepperlen and Roy Finney pro-
posed single-J and double-J ureteral stents in the 1970s, which have been
in use ever since [2]. The current usage amount is huge and increasing
year by year. The indwelling devices mentioned above often lead to
complications mainly about pain, discomfort, urinary tract infection
(UTI) and encrustation [3,4]. These complications are not only associated
with increasing health care costs but also lead to local or systemic
symptoms, sepsis, renal failure, and even death [4,5].

Biofilm, made up of bacteria, reducing the antibiotic sensitivity, make
UTI easily to occur and difficult to treat [6,7]. Gram-positive bacteria
such as Staphylococcus aureus (S. aureus) and Gram-negative bacteria
include Escherichia coli (E. coli), Proteus mirabilis (P. mirabilis), Klebsiella
pneumoniae (K. pneumoniae), and Pseudomonas aeruginosa (P. aeruginosa),
which are the most prevalent bacteria. Candida species also grow and
.
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reproduce well in the urinary tract microenvironment [8]. Biofilms can
also lead to catheter and stent encrustation, especially infections by
P. mirabilis, K. pneumoniae, and P. aeruginosa, which can generate urease
[9]. Once urea decomposes into ammonia by urease, the pH in urine
increases, which causes cations such as Ca2þ and Mg2þ to deposit on the
biofilm to form crystals [10](Scheme 1). Crystals were deposited inside
the lumen, which would reduce adequate urine flow and even completely
block the lumen, leading to impaired renal function. Moreover, it would
deposit on the stent/catheter surface, making stent/catheter difficult to
be removed. The suggestions for preventing UTI and encrustation include
shorting catheter/stent use, sterile operation, and drinking plenty of
water and antibiotics [11–13]. However, these could be cumbersome,
ineffective, and short acting.

In this review, an overview of anti-encrustation and anti-infection
strategies was presented by focusing on drug loading coatings, func-
tional coatings, biodegradable urinary devices and metallic materials for
urinary devices. Current studies on this topic are mainly based on anti-
microbial drug loading on urinary devices [14]. Based on the develop-
ment of biomaterials and catheter preparation technology, strategies of
functional coating on urinary devices, biodegradable urinary devices and
metallic materials for urinary devices have attracted increasing attention,
ust 2022
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Scheme 1. Schematic of catheter/stent-related infection and encrustation.
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which are exactly what we need to focus on after introducing drug
loading on urinary devices. Finally, we provide a forecast on this subject
based on existing issues and future developments in biofunctionalized
applications. We expect this review to not only offer researchers with a
clear background of catheter/stent-related complications and research
status but also inspire the development of new strategies for inhibiting
the occurrence of encrustation and infection and to reduce the pain of
patients and the economic burden on families and society.

1.1. Drug loading on urinary devices

1.1.1. Antibiotic drug coating
Antibiotics are effective against bacteria that cause urinary tract in-

fections, and long-term oral or intravenous antibiotics can lead to bac-
terial drug resistance. Local rather than the systemic of drug use can
avoid a certain degree of the development of drug resistance [15]. Tri-
closan has been widely used for several decades. It can target the
enoyl-acyl carrier protein reductase (EACPR), which is a highly
conserved enzyme for membrane maintenance involved in fatty acid
synthesis in bacteria [16]. Therefore, triclosan can kill bacteria protected
by biofilms. Some studies also found that triclosan can decrease the
expression and activity of various inflammatory factors [17,18]. Not only
is there no evidence that over decades of extensive use of triclosan can
develop antibiotic-resistant organisms, but there is also proof that tri-
closan can reduce the usage of antibiotics and decrease bacterial drug
resistance [19–21]. Tian and his colleagues patented a synthesis method
of nontoxic waterborne biodegradable polyurethanes (WBPU) [22]. They
produced triclosan-loaded WBPU and tested the bacteria by loading
WBPU with different concentrations of triclosan in vitro [23]. The results
show that it can inhibit Proteus mirabilis. Proteus mirabilis can form bio-
films and increase urinary pH, leading to crystal deposits on the catheter.
In an in vitro bladder model, triclosan-loaded WBPU prolonged catheter
blockage time and slowed biofilm formation. In this research, no studies
have been carried out on other bacteria that cause biofilms and calculi,
although there is no evidence that triclosan produces bacterial resistance.
Thus, we should also be aware of its resistance.

Belfield and his colleagues produced an antimicrobial urinary cath-
eter (AUC) impregnated with rifampicin, triclosan, and sparfloxacin [24]
(Fig. 1A). The appearance of the AUC segments without soaking in
artificial urine (AU) was different from that of silicone catheters over a
total of 2 weeks (Fig. 1B). In the static model of encrustation with
P. mirabilis, obviously less phosphate was observed on the surface of the
AUC segments compared to the control catheter segments at 48, 72 and
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96 h (Fig. 1C). This suggests that AUC can reduce encrustation produced
by P. mirabilis. In the 26-day flow model, SEM showed fewer crystal
deposits on AUC lumens compared to the control group when inoculated
with P. mirabilis (Fig. 1D). They use multiple antimicrobials of different
classes to prevent drug resistance, since the bacteria are very unlikely to
be resistant to two or more antibiotics at the same time. In the 28-day test
period, compared with the control group, none of the AUCs were
blocked. As showed in Fig. 1E, during the 12 consecutive weeks of
antibacterial experiment, the bacterial (methicillin-resistant Staphylo-
coccus aureus and E. coli) colony of AUC group was significantly lower
than control group. Which indicated that coating also prevented
methicillin-resistant Staphylococcus aureus, methicillin-resistant Staphy-
lococcus epidermidis, carbapenemase-producing E. coli, and
extended-spectrum beta-lactamase-producing E. coli adhesion in 12
consecutive weeks (Fig. 1E). All impregnated antimicrobials have been
widely used in the clinic for decades, and their safety has been confirmed.
What inspires us is the data from a clinical trial of tolerability and
acceptability, which shows safety and no evidence of inflammation and
toxicity in 30 patients with AUCs [25].

1.2. Silver ion incorporation

Silver is an effective antimicrobial agent approved by the Food and
Drug Administration (FDA) to prevent UTI. Because of its oligodynamic
activity, silver can destroy bacterial membranes, cause cell protein
denaturation, and inhibit bacterial and fungal reproduction [26]. The
form of silver polymer coating is mainly about silver alloy (with palla-
dium or gold), silver-containing polymers, and silver nanoparticles
(AgNPs). However, the great mass of silver-coated catheters showed
ineffective anti-infection and encrustation effects. The reason may lie in
the low capability of silver release and the formation of biofilms, which
further limits silver release [27,28].

Polytetrafluoroethylene (PTFE) has excellent nonstick ability and
reduces the silver release limitation caused by biofilms [29]. A new
coating has been developed based on this property: silver-PTFE nano-
composite coating [30]. In the in vitro bladder model (Fig. 2A), the
Ag-PTFE-coated catheter significantly prolonged the time of bacteriuria
from an average of 6 days (control) up to 41 days (P< 0.005) (Fig. 2B). A
significantly longer duration of anti-encrustation was found in coated
catheters with initial concentrations of 106 and 103 cells/mL in the
bladder [31] (Fig. 2C). Images and SEM showed that the eye hole and the
lumen of uncoated catheters were heavily blocked, and little encrustation
was visible on the silver-PTFE nanocomposite-coated catheter (Fig. 2D).



Fig. 1. (A) Scheme of the setup of the in vitro flow model. (B) Atomic force microscopy (AFM 3D height sensor) results of silicone and antimicrobial-impregnated
urinary catheters (AUCs) soaked in artificial urine (AU) for 1 h, 1 week, or 2 weeks. (C) Phosphate (mg/L) attached to silicone and antimicrobial-impregnated
catheter (AUC) segments incubated statically with P. mirabilis and E. coli in artificial urine. (D) Scanning electron microscopy (SEM) images of the lumens of sili-
cone (control) and antimicrobial-impregnated urinary catheters (AUCs) perfused with artificial urine and inoculated with P. mirabilis. (E) Examples of colonization of
silicone controls and antimicrobial urinary catheters (AUCs) by NDM-1-producing E. coli and MRSA. Reproduced with permission from ref 24, Copyright 2019,
Elsevier BV.
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The MTT assay showed no significant cytotoxicity compared to silicone
catheters (P < 0.1). In the cytotoxicity assay, there were no dramatic
differences in cell growth among the blank wells, wells with uncoated
catheter segments and wells with coated catheter segments (Fig. 2E). The
MTT assays showed that, comparable to the control silicone samples, cell
viability in silver-PTFE nanocomposite-coated catheter segments were
higher than 90% (P > 0.1) (Fig. 2F). It has the advantage of
anti-encrustation properties, but further animal studies should be per-
formed to verify its further performance.

PDPA, which is a surface anchor, can be coated onto almost any
material surface, including silicone [32]. Poly(sulfobetaine meth-
acrylate-co-acrylamide)[poly(SBMA-co-AAm)] can inhibit the formation
of biofilms and adhesion of bacteria [33]. selected as the final layer of the
coating. AgNP-PDPA, bilayers with grafted poly (SBMA-co-AAm) (P3) as
an anti-biofilm and anti-encrustation coating, was successfully developed
3

by Wang and his colleagues [28]. This coating can effectively reduce
bacterial adhesion and biofilm formation. In the in vitro model,
compared with the Dover™ silver-coated catheter (time of resistant
encrustation 7 days), the P3-coated catheter can resist crystal deposits for
45 days. In a mouse model, E. coli biofilm was detected on only one out of
four P3-coated catheters; however, biofilm formation was shown in five
out of six uncoated catheters. Compared to the Dover™ catheter, the
deposition of calcium and magnesium in the bladder of pigs with a
P3-coated catheter was reduced by 1.8 times. No cytotoxicity was
observed in pigs or mice [34].

Hydrophilic poly (p-xylylene) PPX-N, a biocompatible polymer, in-
creases the silver ion release rate and improves the wettability of the
catheter. Thus, the silver/hydrophilic PPX-N coating can inhibit bacterial
adhesion, prevent the biofilm formation of E. coli and S. cohnii, and
reduce encrustation compared with the bacteria-only control in vitro



Fig. 2. (A) Schematic diagram illustrating in vitro bladder models to study. (B) Time taken to develop bacteriuria in the bladder model for evaluation of the anti-
bacterial performances of whole silicone (control) and Ag-PTFE nanocomposite-coated catheters. (C) The time to blockage of silicone (control, blue bar) and Ag-PTFE
nanocomposite-coated (red bar) catheters in the bladder model. (D) Optical images of eye-hole sections and scanning electron microscope images of lumen sections.
Scale bar: 1 mm. (E) Growth curves and optical images of cells on well plates under direct incubation with catheter segments. Scale bar: 100 mm. (F) MTT assays of
extracts from catheter segments. Reproduced with permission from ref 31, Copyright 2017, Elsevier. (For interpretation of the references to colour/colour in this figure
legend, the reader is referred to the Web version of this article.)
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model [35]. Although it showed excellent resistance to biofilm and
crystal deposits, its cytotoxicity and effectiveness in an in vivo model
need further investigation.
1.3. Silver and antibiotic hybrid coating

Silver combined antibiotics can offer a synergistic antibiotic effect,
and the coating combined silver and antibiotics not only improve the
ability of antibiotic effect but also help address antibiotic resistance [36,
37]. Norfloxacin, a fluoroquinolone with a hydrophobic nature that has
broad-spectrum antimicrobial properties, is used to treat UTI caused by
gram-positive and gram-negative bacteria [38,39]. This kind of antibiotic
can inhibit the DNA-gyrase enzyme, which is essential in bacterial DNA
synthesis [40]. The ionized form of silver is also a broad-spectrum anti-
bacterial agent. It rarely develops into bacterial resistance since it can
attack broad sites within the bacterial cell [41]. To avoid silver nano-
particle aggregation, they were coated with tetraether lipids (TEL).
TEL-coated silver nanoparticles were distributed in a hydrophobic film of
poly (lactic-co-glycolic acid) (PLGA) loaded with norfloxacin [42]. This
kind of coating is called tetraetherlipid-Ag-norfloxacin-polylactid
(TANP) (Fig. 3A). The burst release of norfloxacin from the PLGA film
was observed in the first few days. The burst release rate in the first few
days was approximately 60%, and the slow-release rate in the next 50
days was approximately 40% (Fig. 3B). In vitro bacterial and encrusta-
tion tests showed that, compared with the uncoated catheter, the coating
could inhibit the adhesion of bacteria effectively and decrease the
4

viability of bacteria (Fig. 3C). It can also efficiently reduce the encrus-
tation on the surface (Fig. 3D and E). Of note, they established an in vitro
encrustation model to evaluate the multifunctional biomaterial effect on
biofilm formation and crystallization. They grafted the coating onto a
silicone (SIK) catheter and polyurethane (PUR) ureteral stent and used
this model to carry out in vitro crusting experiments over 14 days. The
concentration of dead bacteria observed on the TANP-coated surfaces
was much higher than that on the control surface (Fig. 3F). On average,
the concentration increased from ~12% to ~41% for PUR and from
~27% to ~67% for SIK samples. The volume of biofilm is reduced by
75% [43]. The study shows that the time of norfloxacin release from
PLGA is up to 52 days, which is very beneficial for patients with
long-term indwelling catheters.

Silver sulfadiazine is a broad-spectrum bactericidal antimicrobial that
can effectively treat gram-positive and gram-negative bacteria by
destroying DNA replication, directly modifying the lipid cell membrane,
and forming free radicals [44,45]. This antibiotic was previously used to
treat burns and can inhibit bacterial colonization. In 2017, a clinical trial
comparing silver sulfadiazine-coated ureteral stents with bare stents for 4
weeks showed that silver sulfadiazine-coated stents decreased bacterial
colonization more than control stents on the stent surface, and the dif-
ference in stent culture between the control group and antibacterial
group was statistically significant (p ¼ 0.054) [46]. Due to the short
duration of stenting and the relatively small sample size, it is impossible
to prove its effect on biofilm formation, encrustation or infection devel-
opment in patients with long-term stents [46]. The silver and antibiotic



Fig. 3. (A) Schematic representation of PLGA//TEL-Ag/NF construction. (B) Sustained (a) and cumulative (b) release profiles of norfloxacin in PBS at 37 �C. (C)
Measurement of bacterial adhesion and viability on unmodified and modified PUR and silicon sheets. (D) Scanning electron microscopic images, 1000x on unmodified
PUR and silicon (a and c, respectively) and film-coated PUR and silicon (b and d, respectively). (E) Mass of Ca, Mg, phosphate and oxalate in the crystalline deposits
formed on both modified and unmodified PUR and silicon sheets. (F) CLSM imaging of adhered live and dead bacteria on unmodified PUR and silicon (a and c,
respectively) and film-coated PUR and silicon (b and d, respectively). Reproduced with permission from ref 42, Copyright 2017, Elsevier. (For interpretation of the
references to colour/colour in this figure legend, the reader is referred to the Web version of this article.)
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mixed coating has been proven to have the effect of antibacterial adhe-
sion both in vitro and in vivo. Our purpose is not only to study its
anti-adhesion effect but also to study its anti-encrustation ability. There is
no related research in the above clinical trials, which may be a focus that
we need to study in the future.
1.4. Antibacterial peptide coating

Antimicrobial peptides (AMPs) are a set of natural host defense
peptides [47] that have been revealed to have various functions,
including controlling immune responses, stimulating the accumulation of
immune cells at the site of infection, anti-inflammatory and neutralizing
endotoxin properties, stimulating angiogenesis and accelerating wound
repair. Due to their unique structure of cationic and amphipathic resi-
dues, AMPs can target the lipopolysaccharide layer of the cell membrane
5

to disrupt the cell wall and then kill bacteria [48–53]. In addition, AMPs
have the abilities to increase the susceptibility to the antimicrobial drug
by entering into the bacteria and interact with the lipid bilayer to form a
transmembrane pore and to inhibit the formation of biofilms that are
resistant to most antibiotics [54–56]. Other killing bacterial mechanisms
of AMPs include inhibiting intracellular functions, extracellular poly-
meric organisms, intracellular translocation, and the synthesis of
DNA/RNA/protein [55,57]. As one of the most promising alternatives to
antibiotics, AMPs have shown promise to improve the outcome of med-
ical devices with a high risk of infections.

Covalent immobilization of AMPs on a surface as an antimicrobial
coating has been used as a strategy to prevent the need for further and
extra systemic treatment [58–61]. One covalent immobilization strategy
for surface modification was a bioinspired chemistry based on the
oxidative self-polymerization of dopamine (DPA) developed by Lee et al.



Fig. 4. (A) The molecular structures of DOPA and AMPs and the synthesis process of the bioinspired antibacterial coating. (B) AFM and roughness of the bare PU
sheet, PDPA@Cu-75 coating and PDPA@Cu-75-AMP coating on PU sheets. Statistically significant differences are indicated by *p < 0.05 or **p < 0.005 compared
with the control group. (C) Antibacterial effect of bare stents (control), PDPA@Cu-75 and PDPA@Cu-75-AMP coating against E. coli, S. aureus and P. mirabilis. (D) SEM
of rat intravesical stent lumens and deposit surfaces in the control, PDPA@Cu-75 and PDPA@Cu-75-AMP coating groups. Reproduced with permission from ref 76,
Copyright 2021, Royal Society of Chemistry.
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in 2007 [62]. This was inspired by the coexistence of catechol and amine
in mussel foot proteins and by synergistic salt displacement of catechol
and amine at the solid–liquid interface to form a synergistic interface
adhesion [63–66]. Through catechol-metal coordination, π-π in-
teractions, electrostatic interactions, covalent reactions and hydrogen
bonding, the deposition of polydopamine (PDPA) can occur on almost all
types of materials [67–69]. This mussel-inspired chemistry has the
property of allowing functionalization of biomolecules on a variety of
biomaterials through amino- or thiol-mediated Michael addition
[70–73]. Metal-catechol-assisted mussel chemistry was used for a typical
AMP (RWRWRWC-NH2) with thiol group functionalization on commer-
cially available stents (Fig. 4A) [74–76]. Both AFM characterization and
roughness compared with uncoated stents showed that the coating was
successfully grafted onto the surface of stents (Fig. 4B). In this work, Yao
et al. evaluated its bactericidal and anti-crusting ability both in vitro and
in vivo [76]. In the in vitro antibacterial experiment, the stents with AMP
coating inhibited E. coli, S. aureus and P. mirabilis growth and biofilm
formation in situ (Fig. 4C); even after 2 weeks, the coating also showed
good antibacterial effects. In addition, the coating not only had good
biocompatibility but also reduced the deposition of struvite and hy-
droxyapatite crystals in 2 weeks of in vivo experiments (Fig. 4D) [76].
This study developed a safe, stable, and effective antibacterial coating on
urinary tract medical devices for long-term bacterial inhibition and
encrustation prevention.

Another covalent immobilization strategy was (1-mercapto-11-
undecyl)-(tetra(ethylene glycol) (EG4), 1,10-carbonyldiimidazole (CDI),
and self-assembled monolayers (SAMs) immobilized Chain201D AMP
6

(AMP-CDI-EG4-SAMs) (Fig. 5A) [48]. In an in vitro antibacterial exper-
iment, the AMP-CDI-EG4-SAM coating was highly effective against
strains relevant to urinary catheter-associated infections (including
clinical bacterial strains such as E. coli, K. pneumoniae, Enterobacter
cloacae (E. cloacae), P. aeruginosa, A. baumannii and S. aureus and clinical
strains of yeasts such as Candida albicans (C. albicans), Candida glabrata
(C. glabrata) and Candida parapsilosis (C. parapsilosis)) and was stable over
a wide range of temperatures (up to 45 �C), pH values (4–9) and salt
concentrations (50, 100 and 200 mM NaCl) [48]. This antibacterial
property has potential anti-crusting ability, and high stability is benefi-
cial to the long-term use of indwelling catheters or stents.

Except for AMP-CDI-EG4-SAMs, the AMPmodification strategy on the
surface of PU stents attached by novel polymer-based tethering was also
an effective surface modification strategy, which not only had non-
fouling characteristics but also provided specific flexible binding sites
for peptide conjugation (Fig. 5B). In vitro, the use of AMP (E6) conferred
excellent antimicrobial activity toward P. aeruginosa, S. aureus and
S. saprophyticus while providing strong biocompatibility (Fig. 5C).
Importantly, as observed by imaging luminescent-tagged bacteria using
the Interactive Video Information System (IVIS), the polymer brush-AMP
coating showed a marked reduction in bacterial adhesion in a mouse
CAUTI model compared with the control group at 1 and 7 days (Fig. 5D)
[77]. This study provides a method of AMP immobilization to prevent
and limit the occurrence of CAUTIs.

Three strategies of AMP immobilization as coatings above for medical
devices, including ureteric stents or catheters, provide excellent candi-
dates for further development owing to their excellent anti-adhesive,



Fig. 5. (A) Schematic representation of AMP (Chain201D) immobilization on EG4-SAMs. (B) Functionalization of polyurethane catheter with AMP-brush coating. (C)
Broad spectrum activity of the AMP-conjugated PU catheter against P. aeruginosa (a), S. aureus (b) and S. saprophyticus (c) in vitro. *Indicates P � 0.05 and
***indicates P � 0.001. (D) Antibacterial activity of the AMP-coated PU catheter in a urinary infection model in vivo. (a) IVIS images of mice bearing either untreated
or AMP-coated PU catheters at day 1 and day 7 post-instillation with luminescent-tagged P. aeruginosa into the bladder. (b) Bioluminescence readings (total photon
flux (photons/s)) measured for untreated and AMP coating-treated mice using IVIS Lumina at day 1, 4 and 7 days post-bacterial instillation into the mouse bladder. **
indicates P < 0.01. Reproduced with permission from ref 48, Copyright 2019, Nature Publication Group and ref 77 Copyright 2016, Elsevier BV.
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antimicrobial and biocompatible properties against bacterial adhesion,
colonization and infection. Owing to the natural properties of biofilm
formation inhibition and the excellent antibacterial and anti-encrustation
properties of coatings, antibacterial peptide coatings are expected to
become a potential advantage of anti-encrustation urinary catheters or
stents for clinical use, which needs further investigation for verification.
7

1.5. Drug-loaded polymer modification

Poloxamers, a series of copolymers, contain a central hydrophobic
poly segment and two polyethylene oxide (PEO) chains. The central
hydrophobic poly segment is used to load and release the fluo-
roquinolone antibiotic ofloxacin, and PEO chains keep the bacteria away
from the surface [78]. Poloxamer 188 molecules were functionalized



Fig. 6. (A) The reaction steps of PEI brush grafting on the PU stent surface and N-alkylation of PEI brushes. (B) The change in pH during the in vitro encrustation
experiment and step-by-step encrustation in the bioreactor system at 0 h, 6 h and 24 h. (C) 2, 4 and 6 h of bacterial adherence and 24 h of biofilm formation test
against P. mirabilis in biofilm reactor. (D) Encrustation on the ureteral stent samples removed from the rat bladder after 7, 14 and 28 days of implantation. (E)
Hematoxylin eosin (H&E) staining micrographs of the rat bladder following urethral stent implantation for different time periods and the histopathological scoring
system in terms of inflammation degree in the rat bladder. (Histology score system; 1 ¼ Normal, 2 ¼ Mild inflammation, 3 ¼ Mild–Moderate, 4 ¼ Moderate, 5 ¼
Moderate–Severe, 6 ¼ Severe). * Indicates the significant decrease in PU-g-HPEI-R samples in comparison to PU after 7, 14 and 28 days (p < 0.05). Reproduced with
permission from ref 92, Copyright 2017, John Wiley and Sons.
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with methacryloyl moieties (synthesis of mono- and dimethacrylated
poloxamer 188 (MMP and DMP)) and then subsequently copolymerized
with hydrogel monomer 2-HEMA (p(MMP/DMP-co-HEMA)) to further
promote the function of poloxamer derivatives as cross-linking agents.
After testing, when the weight of MMP/DMP is 10% of HEMA, their
comprehensive performance is the best. Compared with the control
group (contact angle, mean� S.D.: advancing 91.3� 1.65, receding 92.5
� 1.35), the contact angle shows that 10%p(MMP-co-HEMA) (advancing
98.0 � 3.75, receding 98.1 � 4.75) has higher hydrophobicity than 10%
p(DMP-co-HEMA) (advancing 92.7 � 1.25, receding 94.1 � 1.15. How-
ever, 10% p(DMP-co-HEMA) has a higher ultimate tensile strength and
Young's elastic modulus. After suspended in artificial urine for a week,
the content of calcium ions on the 10% p(MMP-co-HEMA) coating
decreased by 87% and magnesium by 92% compared with the poly
(hydroxyethyl methacrylate) (p(HEMA)) control. The 10%
p(MMP/DMP-co-HEMA) coating reduced the surface adherence of E. coli
by more than 90% relative to the control p(HEMA) [79]. However, in the
drug release experiment, they released earlier and more than the control
group, so it was difficult to be of long-term antibacterial.
8

1.6. Bacteriophage coating

Bacteriophages are natural predatory viruses that replicate inside
bacteria. In particular, lytic phages can cause the bacterium to lyse by
replicating [26]. Bacteriophages have the advantages of high strain
specificity, self-replication and easy genome editing, which can protect
normal flora, low-dose treatment of diseases and specific treatment for
specific infections [80–83]. The phage was prepared on the surface of the
catheter with PVA hydrogel. The bacteriophage release is controlled by
the pH-sensitive trigger (self-quenching dye 5 (6)-carboxyfluorescein),
which is on the outermost surface of the coating. The pH-sensitive trigger
will degrade when the urine pH increases, and the bacteriophage in the
lower layer will be released. The in vitro bladder showed that the
blockage time of the phage-coated catheter was twice as long as that of
the control group (P ¼ 0.0199) [84]. It is inferred that bacteriophages
can only slow down the time of encrustation but cannot completely
prevent it [85]. This phenomenon may be due to a decrease in the
amount of bacteriophage released at a later stage. At the same time,
although phage cocktail treatment can guard against resistance, the drug
resistance of bacteriophages is also a reason for failure to prevent
encrustation that cannot be ignored.



Fig. 7. (A) Mechanism of 316 L-Cu SS inhibiting infectious encrustation: (a) 316 L SS, (b) 316 L-Cu SS. The release of Cu2þ ions from 316 L-Cu SS killed the majority of
bacteria that produced urease. The hydrolysis of urea was inhibited, resulting in restricting the elevation of Ph. Fewer crystals were deposited on the surface of 316 L-
Cu SS. (B) Crystalline deposits on the surface of samples: (a) 316 L-Cu SS, (b) 316 L SS. (C) Ca (a) and Mg (b) contents in the encrustation on different materials by
S. aureus. Models infected with S. aureus (5 � 105 cfu/ml) were supplied with mixed HU and AU solutions. Each value is the mean calculation from three replicated
experiments. *, # and ◆ indicate significant differences from the control values at p < 0.05. Reproduced with permission from ref 131, Copyright 2017, Elsevier BV.
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2. Functional coating on urinary devices

2.1. Polyether-based coating

Pellethane, a kind of aromatic polyether, features flexibility, high
strength, and resistance to highly caustic solvents. In the in vitro bladder
model, encrustation experiments of pelthane thermoplastic polyurethane
(TPU), poly 2-hydroxyethyl methacrylate (HEMA)-coated TPU, tetra-
ethylene glycol dimethyl ether (TETRA)-coated TPU and radio opaque
hydrogel-coated ureteral stents (Cook Medical, Inc.) were carried out for
90 days and evaluated for surface crusts. HEMA, a hydrophilic polymer,
has the ability to stabilize and resist cell adhesion. Therefore, it is often
used as a contact lens material to reduce or prevent the negative effects of
biofilms on the surface of the eyes [86]. TETRA is a precursor molecule
that may form a hydrophilic linear polymer, whose structure resembles
poly (ethylene glycol). TETRA can resist protein adsorption and platelet
adhesion under flow conditions [87,88]. The result show that after
90-day trial, all the average mass of magnesium, calcium, and phos-
phorus were as follows: stent 0.067 mg, 0.312 mg, 1.149 mg, pellethane
TPU 0.022 mg 0.164 mg, 0.348 mg, HEMA coated pellethane TPU 0.006
mg, 0.052 mg, 0.360 mg and TETRA-coated pellethane TPU 0.027 mg,
0.183 mg, 0.530 mg. Compared with traditional urinary device material,
HEMA-coated pellethane TPU has better anti-encrustation performance
[89]. The ant-encrustation effect of HEMA-coated pellethane TPU in vitro
experiments for up to 90 days also shows that it is very suitable for pa-
tients with long-term indwelling catheters/stents. At present, there are
only data from in vitro experiments; more experiments in vivo or clinical
trials are needed to obtain more comprehensive data in the future.

Polyethyleneimine (PEI) (Fig. 6A) is a cationic polymer that can
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inhibit bacterial adhesion [90] and improve antibacterial properties by
disrupting the membrane when in contact with bacteria. This antibac-
terial activity has also been proven to be effective against common uri-
nary bacteria such as Pneumococcus, E. coli and P. mirabilis [91]. Urea
was decomposed by P. mirabilis, and the pH increased. The increase in pH
promoted encrustation (Fig. 6B). PEIs with different molecular weights
(Mn: 1800 and 60,000) are grafted onto the surface of the PU catheter.
This positive charge density on the surface of PEI can be made, and the
antibacterial property can be further improved when PEI is alkylated.
The in vitro model showed that high molecular weight (Mn 60,000) and
alkylated PEI could effectively inhibit biofilm formation (Fig. 6C), pre-
vent the deposition of surface crystals, reduce calcium salt and magne-
sium salt by 81% and 93.4%, respectively, and inhibit bacterial adhesion
by 2 orders of magnitude compared with the control group. In the
28-day-old mouse model, there was no obvious crystal deposit on the
surface of the high molecular alkylated PEI brush coating (Fig. 6D), and
the tissue sections of the mice also showed that its inflammatory response
to the host was much weaker than that of the uncoated PU (Fig. 6E) [92].
Polyethyleneimine brushes show excellent performance and a low degree
of inflammation, but further clinical trials are required to verify their
effectiveness and safety in vivo.
2.2. Polyvinylpyrrolidone-iodine coating

Several studies show that the hydrophilicity of the material surface,
such as hydrogel coating, inhibits the catheter surface crust to some
extent [93]. Polyvinylpyrrolidone-iodine (PVP–I), a hydrophilic macro-
molecular material, was used for bladder irrigation to prevent urinary
tract infection. This antibacterial material is not an antibiotic and may



Fig. 8. (A) Methodology used to generate the different stents. (B) Degradation of the stents in vivo. (a). One week after stent implantation, there were no obvious
changes. (b). Two weeks after stent implantation, the distal end had degraded. (c). Three weeks after stent implantation, the proximal end remained. (d). SEM image of
the stent. (e). SEM image of the stent implanted in the animals for 1 week. (f). Mass loss ratio of the stent in vivo. Reproduced with permission from ref 107, Copyright
2014, John Wiley and Sons and ref 111, Copyright 2020, John Wiley and Sons.
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greatly reduce the production of drug-resistant bacteria. PVP-I was
embedded on the surface of PU, and AFM showed that the surface of
PVP-I was rougher than that of PU and that both sides of the PU/PVP-I
film were uniformly covered with PVP-I molecules. The contact angle
results showed that the hydrophilicity on the PVP-I coating was signifi-
cantly improved and that the coating was stable in ultrasonication
methods. After a 4-h bacterial adhesion test, the PU/PVP-I surface
significantly reduced the adhesion of both Pseudomonas aeruginosa (P <

0.05) and Staphylococcus aureus (P < 0.01). SEM images of P. aeruginosa
and S. aureus adhesion also showed that fewer bacteria adhered to the
surface of the PU/PVP-I film than to PU. In a 2-week in vitro encrustation
model, the surface of the PVP-I coating was only partially covered by
crystal deposits, far less than the PU surface [94]. The major encrustation
components calcium, magnesium and phosphorous on the PU surface
were much higher than those of PU/PVP-I according to energy dispersive
X-ray mapping. In summary, PU/PVP-I has good antiadhesion and
anti-encrustation properties and has good durability. Until now, few in
10
vivo investigations have been performed. Thus, it is urgent to study its
effect on animal models before we can make conclusions.
2.3. Papain immobilized polyurethane

Papain, a food-grade enzyme found in many natural products, was the
first cysteine protease isolated from papaya [95,96]. It is covalently
cross-linked on polyurethane using glutaraldehyde. This method makes
papain more stable and cytocompatible, which means 90% of papain in
the solution is immobilized on PU, 88% of which still retains their natural
activity. Even after storage at 48 �C for 30 days, the enzyme activity
decreased by 15%. In addition, it has better hydrophilicity. MTT showed
that when grafted onto PU, the cytocompatibility was significantly higher
than that of bare PU (P< 0.05). In vitro antibiofilm, bacterial attachment
and anti-encrustation experiments indicated that papain-immobilized PU
exhibited better antibiofilm ability and less bacterial (E. coli and
S. aureus) attachment than bare PU (P < 0.01). In a week of the



Table 1
Material engineering strategies to prevent catheter encrustation.

Category Anti-encrustation
strategies

Anti-encrustation
mechanism

References

Drug loading on
urinary devices

Antibiotic drug coating Antibacterial [22,24]
Silver ion incorporation Antibacterial,

inhibit bacterial
adhesion

[29,30,32,
33,35]

Silver and antibiotic
hybrid coating

Enhanced
antibacterial, anti-
adhesion ability

[42,46]

Antibacterial peptide
coating

Antibacterial,
inhibit biofilm
formation

[48,76,77]

Drug-loaded polymer
modification

Antibacterial and
hydrophobic

[78,79]

Bacteriophage coating Antibacterial [26,80–83]
Functional
coating on
urinary devices

Polyether-based coating Inhibit bacterial
adhesion and
improve the
antibacterial
properties

[86–88,90]

Polyvinylpyrrolidone-
iodine coating

Hydrophilicity,
Inhibit bacterial
adhesion

[93,94]

Papain immobilized
polyurethane

Antibiofilm ability [97]

Natural cyanobacterial
coating

Inhibit bacterial
adhesion

[98]

Functional
nanoparticles coating

Antibacterial and
lubrication

[102,103,
108]

Biodegradable
polymers for
urinary devices

Alginate biodegradable
stent

Degradability [109–112]

Metallic
materials for
urinary devices

Nickel alloy stent Silhouette structure [115,116,
119]

Cu-bearing stainless
steel ureteral stents

Antibacterial [121–123,
130]

Magnesium alloy
degradable stent

Antibacterial and
degradable

[110,111,
133]

New oral
composition
drug

Crystallization
inhibitors and urine
acidifier

Decrease urine pH [139]
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encrustation test, the amount of calcium deposited on bare PU was
approximately 51 mg and on papain immobilized was approximately 33
mg, and the amount of calcium plus magnesium deposited on bare PU
was 50 mg, more than 40 mg on the modified polymer [97], which
showed better anti-encrustation performance. However, few studies on
the long-term benefit of anti-encrustation and its mechanical properties
have been found. In vivo anti-encrustation properties should also be
further investigated.
2.4. Natural cyanobacterial coating

A kind of marine cyanobacterium, named Natural Cyanobacterial
Polymer-Based Coating (CyanoCoating), was used to develop a coating
[98]. This coating has been proven to have good antiadhesion effects
against E. coli, S. aureus and P. aeruginosa. Amazing biocompatibility also
leads to potential applications in the future [99]. In this study, the au-
thors grafted the CyanoCoating on the surface of a urinary catheter to
evaluate its performance on anti UTI and encrustation in the urine
environment. The results showed that CyanoCoating had great anti-
adhesion ability against E. coli (P < 0.05), S. aureus (P < 0.001), and
Candida albicans (P < 0.001). Moreover, it has great anti-bioform ability
in E. coli (P < 0.05), P. mirabilis (P < 0.01), and Candida albicans (P <

0.01). Large crystals were found on the uncoated surface but not on the
CyanoCoating based on the data from scanning electron microscopy
(SEM). On the other hand, salt deposition was found on both surfaces.
However, it is still unknown how long it is effective in anti-adhesion and
anti-encrustation.
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2.5. Functional nanoparticle coating

Fullerene-like MoS2 (IF–MoS2), a kind of inorganic layered nano-
particle compound, is effective in forming a seam-less closed-cage
fullerene-like structure [100,101]. Every nanoparticle wrapped in a fully
saturated van der Waals surface has a low affinity with the environment,
making it easy for them to roll. When doped with rhenium to form
electron rich Re-doped nanoparticles (Re: IF-MoS2), they are
self-assembled into a mosaic-like order, and the lubrication performance
of this material is further increased [102]. The lubrication performance is
effective in decreasing the development of encrustation on the catheter
surface. A custom-built model of a catheterized urinary tract was used to
conduct the in vitro encrustation process. The energy dispersive spec-
trometer (EDS) analysis also suggested that the Ca and P contents were
1.2% and 1.9% in the Re: IF-MoS2-coated catheter, respectively, when
compared with 10.1% and 8.6% in the uncoated specimen. This result
was consistent with SEM (BSE and SE modes) imaging. The exact
mechanism of Re: IF-MoS2-coated catheter encrustation suppression is
not fully understood. Its self-assembling mosaic-like order might be the
key to reducing deposits. Although some reports show that these nano-
particles have no toxic risk [103], their biocompatibility still needs
further study in the future.

Chitosan (CS), produced by removing the acetate part of chitin
through hydration in concentrated alkali, is a copolymer containing a
β-(1,4)-2-acetamido-D-glucose and β-(1,4)-2-amino-D-glucose unit.
Recent studies have shown that chitosan is known to have antibacterial
potential thanks to its cationic polyelectrolyte nature to bind efficiently
with negatively charged molecules and that chitosan-immobilized poly-
urethane materials have efficient antibacterial activity [104,105]. Chi-
tosan nanoparticles (CSNPs), owing to their higher surface charge
density, can more fully contact bacteria than chitosan [105–107]. CSNPs
were immobilized on the PU ureter stent surface, and their ability to
prevent bacterial adhesion was investigated. The results showed that in
an in vitro antibacterial experiment, CSNP-coated stents showed good
anti-E. coli and P. mirabilis properties by disrupting bacterial membranes
through electrostatic interactions upon contact compared with the con-
trol group [108]. Because of its excellent killing ability against
urease-producing bacteria, it can effectively inhibit bacterial adhesion
and biofilm formation and has potential anti-encrustation properties,
which need to be further investigated.

3. Biodegradable polymers for urinary devices

Polymer biodegradable materials have made remarkable progress in
biomedicine. These biomaterials mainly include natural origin polymers,
synthetic polymers and metals, which are characterized by biocompati-
bility, certain mechanical strength and biodegradability. Biodegradable
ureteral stents are also attracting increasing attention [109]. The prep-
aration methods of BUS mainly include winding, braiding, injection
molding, and immersion technology [110]. They can provide sufficient
mechanical support within a certain period of time to drain urine and
then degrade into small particles excreted with the urine. They are
mainly used in patients with short- and medium-term ureteral stent im-
plantation, and those advantages are to avoid secondary operation to be
removed and reduce medical costs. Continuous degradation and shed-
ding of surface materials are also beneficial to resist the adhesion of
bacteria and the formation of crystals. Long-term use is not suitable for
patients, as the degradation time is not long enough. In addition, catheter
degradation and broken fragments left in the urethra will produce strong
lower urinary tract symptoms, making the patients extremely uncom-
fortable. This kind of degradablematerial is not suitable for use as a Foley
catheter. Furthermore, the fragments in the degradation of the stents may
lead to ureteral obstruction, hydronephrosis and nephritic damage [111].
Despite this, it still brings us an effective way to prevent encrustation.

Alginate is a biodegradable natural polymer. In 2002, Auge et al.
made a ureteral stent with alginate, which was found to be degraded
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completely after 7 days in pigs. Pathological examination showed that
the material had no obvious toxicity to tissues in pigs [112]. In 2014,
Barros et al. added gellan gum on the basis of alginate. Alginate, gellan
gum, and their blends are gelated by physical cross-linking at low tem-
perature, which obtains a stable structure by ion exchange, dehydration,
solvent exchange and drying treatment (Fig. 6A) [113]. The stents made
with different ratios increased the degradation time to 14–60 days in the
degradation experiment in vitro. The encrustation test showed that no
crystal formation was detected by SEM and EDS. Compared with other
commercial stents, there was no significant change in cell viability be-
tween cytotoxicity and cell adhesion studies [114]. However, it fails to
meet the mechanical strength in a certain period of time, and the
degradation rate in vivo is faster than that in vitro, which is only
approximately 10 days and makes it difficult to meet the needs of
long-term placement of stents [110].

Biodegradable polymers ureteral stents have the advantage of not
needing a second surgical removal due to the self-degradation property.
At the same time, they are difficult to form encrustation because of the
property. However, the potential stent obstruction caused by degradation
substances and the rapid degradation cannot meet the needs of long-term
indwelling catheters. The material surface peeling of biodegradable
catheter/stent caused by degradation makes it difficult to form encrus-
tation, and slow degradation is suitable for patients with long-term
indwelling catheter/stent. So, how to long-term degradation or slow
degradation is the problem need to be focused in the future.

4. Metallic materials for urinary devices

Two commercial metallic ureteral stents are currently available: one
is the Silhouette stent produced by Applied Medical, Rancho Santa
Margarita, and the other is the Resonance stent produced by Cook
Medical, USA [115]. A silhouette stent is constructed with nitinol wire
reinforcing the walls of the stent and covered with a polymer. Resonance
stents are made up of nickel–cobalt–chromium–molybdenum alloy and
have been used in the clinic for several decades [116]. They have higher
strength than polymer stents and are suitable for many patients whose
tumors oppress the ureter [117]. Many studies show that it can be
approved for a maximum dwell time of at least 12 months [118]. How-
ever, after stents were removed, 22% of stents showed signs of encrus-
tation [119]. Furthermore, its price in the United States is eight times
higher than that of polymer stents. The total medical cost of replacing the
stent also includes the cost of drugs and surgery. Despite the high price,
long-term use can indeed reduce the financial burden of patients and the
pain of surgery [120].

In recent years, researchers have found that copper (Cu) ions are a
kind of antibacterial agent that has the long-term effect of inhibiting
bacteria (including some drug-resistant bacteria) [121–123]. Other
findings, such as that of metal nanoparticles (MNPs), including Cu or Cu
oxide NPs, can kill bacteria by their ion mental interactions with nucleic
acids, proteins and peptidoglycan of the cell wall [124–126]. A kind of
hybrid system including copper ion modifying molybdenum disulfide
(MoS2) can release MoS2 and copper ions to oxidize glutathione (GSH),
which accelerates bacterial death and does little harm to the human body
[127]. Other materials include Cu–TiO2 nanofibers [128], Ag–Cu and
Cu–Ag nanocomposites (NCs) [129]. In addition to their antibacterial
properties, they are also effective in decreasing ureteral stent encrusta-
tion in vitro and in vivo. In 2017, researchers fabricated Cu-bearing
stainless steel ureteral stents (Fig. 7A) and fewer crystal deposits on
Cu-bearing stainless steel ureteral stents than uncoated stainless steel
ureteral stents in an in vitro encrustation experiment (Fig. 7B and C).
After the in vitro encrustation experiment, Cu-bearing stainless steel
ureteral stents were implanted into the bladder of New Zealand rabbits
for 20, 40 and 80 days, after which they killed the rabbits and removed
the stents. They found that the material mentioned above can not only
inhibit the adherence of microorganisms but also decrease encrustation
formation in an in vivo model [130]. This anti-infection and encrustation
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mechanism is mainly because copper ions can inhibit the production of
urease by bacteria, reduce the decomposition of urea into ammonia, and
stabilize the urine pH [131]. Copper ions are known to have certain
cytotoxic properties, and there is currently no evidence that the release of
copper ions from this material will cause damage to urothelial cells. If it
can be proven to be safe in terms of biocompatibility, this coating is ideal
for long-term indwelling patients.

Metal has excellent mechanical properties, and magnesium alloys
possess attractive biodegradability and biocompatibility properties and
can be used as materials for biodegradable ureteral stents [110]. Some
studies have shown that this magnesium alloy stent (Fig. 8A) has a
bactericidal effect in the process of degradation, and the mechanism may
be that magnesium nanoparticles penetrate the cell membrane of bac-
teria to kill it [114,132]. Jin et al. found that they had good antibacterial,
biocompatibility and degradation times (4 weeks) on their magnesium
and polymer mixed stents in vivo and in vitro (Fig. 8B) [111,133]. Their
anti-encrustation ability was not tested in the above study. By their
degradation performance and degradation mechanism, we can infer that
this material has similar anti-encrustation performance as alginate,
which needs to be further verified in future research.

The current metal material for urinary devices include alloy, nano-
metal and biodegradable metal. Although alloy, nano-metal stent has
obvious advantages in prevention of stent-related encrustation, but the
alloy material is very expensive and nano metal stent lack of study of
long-term biocompatibility. It is hard to form encrustation in biode-
gradable metal stent thanks to the biodegradable characteristics, how-
ever, there is no relevant research on anti-encrustation at present. Which
we need to further investigate in the future.

5. New oral composition drug

A prolonged indwelling time of stents or catheters will result in uri-
nary infection and encrustation of ureteral stents, which will lead to the
use of extracorporeal lithotripsy, endourological or open surgery to
resolve these conditions [134]. One reason for encrustation is the in-
crease in pH, which will result in calcium andmagnesium ions depositing
on the biofilm [135]. Thus, if urine composition is altered by increasing
urine acidification and the urine excretion of crystallization inhibitors,
encrustation from the stent could be minimized. A new oral composition,
which was first reported as a potential oral treatment to prevent ureteral
stent-associated encrustation by changing the urine composition of the
patients, contains both crystallization inhibitors (phytate) and a urine
acidifier (L-methionine). Phytate, a sort of phytate salt that conforms to
the inhibitory property of calcium salt deposits, was used to decrease the
risk of encrustation formation [136]. L-Methionine is an essential amino
acid that can directly reduce urine pH [137,138]. A randomized,
double-blinded, and placebo-controlled trial containing a total of 105
patients was divided into two groups: the oral composition group and the
placebo control group. The time of the clinical trial ranged from 3 to 8
weeks depending on the time lapses between the baseline visit and stent
removal, and the average time was 37.54 � 13.9 days. The results
showed that the overall crust of the oral composition group was reduced
by 8 times, and the pH reduction of the urine from baseline 1 to day 21
was also 0.47 lower than that of the placebo group [139]. The results
revealed a significant decrease in stent encrustation in the intervention
group. This confirmed that a higher urinary pH decrease was a protective
factor against encrustation. If the effectiveness of crystal inhibition and
low side effects in the course of long-term use can be verified, then the
application of a new oral composition drug in the field of
anti-catheter-associated encrustation is very promising.

6. Concluding remarks and future perspectives

Indwelling catheters can indeed solve many clinical problems, benefit
many patients, slow down disease progression, reduce the incidence of
complications, and reduce the average length of hospital stay. Due to the
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limitations of the catheter design flaws and materials, there is no perfect
solution, leading to catheter-related complications such as infection,
encrustation, obstruction, pain, and hematuria. These complications cost
the patients extra medical costs.

In recent years, promising technologies mainly include drug loading
on urinary devices, functional coating on urinary devices, biodegradable
polymers for urinary devices, metallic materials for urinary devices and
new oral composition drug (Table 1). At present, a large amount of most
popular research is the antibiotic release coating. One of the reasons is
that antibiotics are the natural enemies of bacteria and can effectively kill
bacteria. Moreover, close to interdisciplinary cooperation is not neces-
sary in antibiotic coating research. Although the use of antibiotics is
becoming increasingly standardized, drug resistance has always been a
problem that has not been well solved. Drugs such as bacteriophages and
enzymes are used as antibacterial materials; however, phage resistance
and enzyme instability have not been well solved. Moreover, pharma-
cokinetics, coating release rate and other knowledge must be clearly
understood when we develop the antibiotic release coating, which is
difficult to accurately control without close multidisciplinary coopera-
tion. Therefore, a non-release coating may be more suitable for patients
with long-term indwelling catheters. At present, there are two main
methods of non-release coating: 1, contact sterilization, in which the
catheter surface is connected with antibacterial substances, such as
antimicrobial peptides and other popular antimicrobial agents, with low
drug resistance and broad-spectrum antibacterial activity. 2, the physical
resistance to the adhesion of bacteria and biofilms and the anti-adhesion
physical properties of the surface of polymers can resist the extracellular
polysaccharides produced by bacteria so that bacteria cannot adhere or
form biofilms on the surface of this material. It prevents the formation of
crystals on the surface of the catheter, although it cannot kill bacteria, but
it can prevent the occurrence of catheter stones. Of course, other
methods, such as monitoring catheter obstruction and increasing water
consumption, also play a role in preventing catheter stones.

It is difficult for clinicians to understand and apply relevant bio-
materials, and experts who specialize in materials do not have a
comprehensive understanding of clinical needs and problems. As the
boundaries between biomaterials and medicine become increasingly
blurred, the scope of their overlap becomes increasingly wider, which
requires us to rethink the relationship between biomaterials and medi-
cine. They must be closely related in some aspects. Therefore, multidis-
ciplinary cooperation is necessary to make use of their respective
advantages to combine different new technologies, new materials and
new products. Although antibacterial coatings will still occupy most of
the research on the development of anti-encrustation materials in the
future, new materials, especially biomaterials with new characteristics,
such as antimicrobial peptide coatings and brush antifouling coatings,
will be further investigated in the future. Finally, it will be beneficial for
patients who need long-term indwelling catheters.
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