
PHEMA- PANI coating doped with silver nanoparticles for 
prevention of catheter-associated urinary tract biofilm infections
Behrooz Naghilia, Raana Sarvaria,b,c,1 , Elaheh Fakhrid, Saleheh Abbaspoore, Mohammad Yousef  Memara, 

Mehdi Sadrmohammadia

aInfectious and Tropical Diseases Research Center, Tabriz University of Medical Sciences, Tabriz, Iran.
bSarvaran Chemie Pishro Company (S.C.P), Tabriz, Iran

cStem Cell Research Center, Tabriz University of Medical Sciences, Tabriz, Iran.
dDental and Periodontal Research Center, Faculty of Dentistry, Tabriz University of Medical Sciences, Tabriz, 

Iran
eSchool of Engineering, Damghan University, Damghan, Iran.

Recieved: 5 October 2023;    Accepted: 20 November 2024

1Corresponding author, E-mail: sarvarir@tbzmed.ac.ir

ABSTRAC T

Journal of Ultrafine Grained and Nanostructured Materials
https://jufgnsm.ut.ac.ir
Vol. 57, No.2, December 2024, pp. 177-189
Print ISSN: 2423-6845     Online ISSN: 2423-6837
DOI: 10.22059/jufgnsm.2024.02.08

1. Introduction
Bacterial resistance is becoming a crucial threat 

to public health, and it is estimated that failure to 
address this problem will lead to 10 million deaths 
annually worldwide by 2050 [1-4]. Implantable 
devices are widely used to support or replace a 
part or whole of a biological structure in order 
to enhance a patient’s quality of life but are also a 
major source of infection. Medical devices such as 
catheters and ventilators are susceptible to bacterial 
adhesion, reproduction, biofilm formation and as 
a result infection [5,6]. Medical device-related 

infections as the leading cause of secondary 
healthcare-associated bacteremia increase 
morbidity and mortality and impose a burden on 
the countries’ health sector [5,7].

There are fundamental differences between 
bacteria in planktonic and multi-cellular or biofilm 
phases originating from the organized structure 
of biofilm [8]. In this mode, cells are in close 
proximity to each other and surrounded by a self-
generated matrix containing exopolysaccharides, 
proteins, nucleic acids, and other bacterial debris 
[8, 9]. Furthermore, low metabolic activity along 

Long-term indwelling urinary catheters are associated with complications like infection and encrustation, which 
have brought patients burdens of health problems. Considering the damages caused by urinary tract infections, 
development of antibiofilm catheter coatings is a practical way to address this issue. Herein, we developed a PHEMA 
(poly(2- hydroxyethyl methacrylate))-PANI (polyaniline) based coating for stabilizing silver nanoparticles resulting in 
a high-performance antibiofilm catheter. For this purpose, silicone catheters were functionalized with OH groups and 
then 2- hydroxyethyl methacrylate (HEMA) was polymerized on the catheter by atom transfer radical polymerization 
(ATRP). The OH groups of PHEMA were converted into amine groups by reaction with para-anthranilic acid, and in the 
next step, PANI was produced by oxidation-reduction polymerization. In order to investigate the synergistic effects of 
silver nanoparticles on the antibacterial property of polyaniline, Ag nanoparticles were coated on polyaniline. Coated 
catheters were evaluated at each step using attenuated total reflection-fourier transform infrared (ATR-FTIR), scanning 
electron microscope (SEM), thermal gravimetric analysis (TGA), and atomic force microscopy (AFM). The water contact 
angle and consequently the hydrophilicity of the coated catheter have increased from 121˚ for the uncoated catheter 
to 101˚ for catheter-PHEMA-PANI and 73˚ for the catheter-PHEMA-PANI-Ag. Therefore, a hydrophilic PHEMA-PANI-
Ag-coated catheter was developed with excellent thermal stability, antibacterial and antibiofilm properties against 
Escherichia coli and Pseudomonas aeruginosa during 24 and 48 hours and also improved biocompatibility on L929 
fibroblast cells. It is concluded that the PHEMA-PANI-Ag-coated catheter with significant activity against antibiofilm 
formation is a potential candidate for indwelling urinary catheters and supports further clinical investigations.
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with upregulation of genes required for anaerobic 
growth contribute to the long-lasting survival of 
biofilms explaining the increased biofilm tolerance 
to antibiotics, disinfectants and the immune system 
[8, 10-12]. 

Indwelling urinary catheters provide new 
bacteria adhesion sites and facilitate colonization 
of urinary pathogens. Following adherence 
of uropathogens including gram-negative 
(Pseudomonas aeruginosa, Escherichia coli and 
Klebsiella pneumonia) and gram-positive bacteria 
(Staphylococcus aureus) to catheter surface, 
secretion of extracellular mucopolysaccharide 
causes the formation of biofilm [13]. Biofilm 
structure reduces the sensitivity of colonizing 
bacteria to antibiotics and obstructs treatment 
modalities. Furthermore, uropathogens are capable 
of producing ureases that decompose urea into 
ammonia and providing an alkaline environment. 
Accumulation of insoluble hydroxyapatite and 
crystals of magnesium and calcium phosphate 
deposition as a result of increased pH accelerates 
the encrustation and obstructs the stent channel 
leading to far more complications including 
infection, bacteriuria, pyelonephritis and even 
septicemia [14, 15]. Catheter-related urinary tract 
infections can be dealt with by catheter replacement 
or antibiotic therapy inevitably resulting in the 
emergence of drug-resistant bacteria. Considering 
the higher economic and biological burden of 
long-term antibiotic therapy, consistent catheter 
care or complications of replacement surgery, 
designing and developing catheters with intrinsic 
antibacterial activity prove an attraction [16-19]. 
The existing anti-biofilm materials can be classified 
into the following categories: 1. Engineered surfaces 
with nano- or micro-topography preventing the 
adhesion of bacteria [20, 21], 2. Surfaces with 
stable antibacterial properties that destroy bacteria 
after adhesion [22] and 3. Surfaces with a slow 
release of antibiotics [23, 24]. All these features 
have been created using different functionalization 
approaches on the surfaces of medical devices 
including catheters [25]. 

In this regard, different compositions of coatings 
have been used to prevent biofilm formation 
including hydrogels [26], hydrophilic polymers 
[27], polytetrafluoroethanes [28], zwitterionic 
polymer coatings [29], and amphiphilic polymers 
[30, 31]. Moreover, coatings with antibacterial 
properties such as metal nanoparticles including 
silver, gold, copper, etc [32, 33], antibiotics [34], 
antimicrobial peptides [35], bacteriophages [36] 
and bioactive molecules [37] can be mentioned. 
Inorganic coatings including titanium, copper, 
silver and magnesium have been commonly 
applied on catheters for biofilm control. Prolonged 
activity has been obtained by the incorporation of 

nanoparticles into polymer substrates. According 
to the previous reports, immobilizing metal 
nanoparticles on polymer-pretreated silicone 
catheters obtained antibiofilm and antifouling 
properties [38-40]. 

Hydrogels are a group of insoluble and 
hydrophilic polymers consisting of a significant 
amount of water (up to 99%) when fully swollen, 
despite having solid-like characteristics that 
provide desirable properties such as increased 
mechanical strength [26]. Hydrogels present ideal 
and indispensable properties as coatings. Along 
with swelling, hydrogels generate a hydrophilic 
layer on the surface of the catheter, which prevents 
the absorption of proteins and formation of biofilm 
[25, 26]. Furthermore, hydrogels provide a high 
capacity to accommodate various antibacterial 
nanoparticles and biomolecules [31]. 

Wide applications of hydrogel coatings using 
different technologies have been applied in order 
to form a polymeric network with strong adhesion 
to various substrates. Hydrogel coatings are able to 
absorb water and expand in aquatic environments, 
as a result of which volume change causes severe 
stress in the hydrogel thin layer [41]. The physically 
coated hydrogel layers present a weak interaction 
with the substrates by non-covalent forces, so the 
coating can easily be detached from the surface. 
To improve the stability of hydrogel coatings and 
increase its adhesion to the substrate, it is necessary 
to connect the hydrogel to the substrate through 
stronger connections such as covalent bonds [42].

Conductive polymers include a series of 
materials that have conjugated double bonds in the 
polymer body, which facilitate electron movement 
and charge transfer between polymer chains and 
lead to high electrical conductivity [43]. Organic 
polymers that are widely studied are polyaniline 
[44], polypyrrole [45], polythiophene [46, 47] and 
vinylene polyphenylene [48]. Polyaniline is one 
of the conductive polymers with redox properties 
receiving much attention in the past decades 
[43]. Various recent studies have reported the 
antimicrobial activity of PANI [49] and PANI-
coated surfaces against Pseudomonas aeruginosa, 
Escherichia coli and Staphylococcus aureus [50, 51].

Although studies reported various modifications of 
urinary catheter wall surface for reduction of bacteria 
viability and biofilm adherence and prevention of 
encrustation, research for development of durable 
antimicrobial catheters is still ongoing. In this regard, 
silicone catheters were functionalized with OH groups 
and then HEMA was polymerized on the catheter 
by ATRP, and in the next step, PANI was produced 
by oxidation-reduction polymerization. In order to 
investigate the synergistic effects of Ag nanoparticles 
on the antibacterial property of PANI, ultimately Ag 
nanoparticles were coated on polyaniline.
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2. Experimental
2.1 Materials and Methods

The N,N-dicyclohexyl carbodiimide (DCC), 
4-dimethylaminopyridine (DMAP), p-anthranilic 
acid were prepared from Sigma-Aldrich (USA) 
and used without any purification. The aniline 
monomer (Merck, Darmstadt, Germany) was 
distilled twice under the reduced pressure 
right before the application. Ammonium 
peroxydisulfate (APS, Merck) was purified 
through re-crystallization from ethanol at room 
temperature. HEMA (Merck) was dried over 
calcium hydride, and distilled under vacuum 
and then stored at −20 ˚C until used. Copper 
(I) chloride (CuCl) was obtained from Sigma-
Aldrich and purified by stirring in acetic acid three 
times, then washed with ethanol and dried under 
vacuum. 𝛼- Bromoisobutyryl bromide (BIBB) and 
N, N, N′,N′′,N′′-pentamethyldiethylenetriamine 
(PMDETA) were purchased from Merck 
(Darmstadt, Germany). All other agents were also 
prepared from Merck and Sigma-Aldrich and 
purified according to the standard procedures. 

2.2 Treatment of catheter with UV/Ozone
The ultraviolet/ozone (UV/O3) treatment of the 

catheter surface was done in a UV/O3 chamber 
(Jelight Company, Inc., Model 42-220, Irvine, CA, 
253.7 nm radiation) to create hydroxyl groups. The 
catheter samples were put in the UV/O3 chamber at 
a 20 mm distance from the UV lamp and radiated 
for 20 minutes. 

2.3 HEMA polymerization on treated catheter 
surface (catheter-PHEMA)

Freshly (UV/O3)-treated catheter samples 
were immersed in a solution of active initiators in 
dry tetrahydrofuran (THF) for 24 hours at room 
temperature under a nitrogen atmosphere [52]. 
The initiator-immobilized substrate was washed in 
ethanol to remove the physisorbed initiators and 
then dried under vacuum. HEMA monomer was 
polymerized on the initiator-immobilized catheter 
via ATRP polymerization by a reaction system 
containing HEMA/ligand/CuCl with a molar 
ratio of 100/2/1. The system was degassed and the 
polymerization proceeded for 48 hours at 65 ˚C. 
Then, the PHEMA-catheter was withdrawn from 
the reactor and washed in methanol to remove the 
residue monomer and physisorbed homopolymers 
from the surface and dried under vacuum. 

2.4 Functionalization of PHEMA-catheter 
surface (catheter-PHEMA-NH2) 

Conversion of the OH groups of the PHEMA 
into the amine groups was achieved by reacting 
with para-anthranilic acid. The PHEMA-catheter 
samples were immersed in the solution containing 

para-anthranilic acid, DMAP, DCC, and 35 mL of 
THF and allowed the reaction to proceed under 
mixing overnight at room temperature to produce 
the aminated PHEMA chains on the catheter 
surface. The substrates were then rinsed with 
methanol to remove the adsorbed reagents and 
dried under vacuum. 

2.5 Aniline polymerization on catheter-PHEMA-
NH2 (catheter-PHEMA-PANI)

A flask was charged with the catheter-PHEMA-
NH2, distilled water, aniline monomer, and H2SO4 
(1M). The reaction mixture was stirred for 1 h, and 
the temperature was then reduced to 0 ˚C. In a 
separate container, APS was dissolved in deionized 
water, and it was subsequently added to the above-
mentioned flask. The reaction mixture was stirred 
for 24 h at 0 ˚C, and subsequently, the reaction was 
terminated by pouring the contents of the flask into 
a large amount of methanol. The resultant product 
was washed several times with methanol and dried 
in vacuum [53].

2.6 Ag nanoparticles incorporation on catheter-
PHEMA-PANI (catheter-PHEMA-PANI -Ag)

To prepare the catheter-PHEMA-PANI -Ag, 
catheter-PHEMA-PANI immersed in 50 mL of 
distilled water, and 4.0 ml of silver nitrate solution 
0.012 molL-1 was added, NaBH4 was slowly added 
in a ratio of 6:1 to silver nitrate over 30 minutes. 
The reduction of Ag+ was initiated immediately, as 
the solution changed from colorless to light yellow 
and ended up reddish. The nanostructure of the 
coating compounds is the highlight of the present 
design (Figure 1).

2.7 Antibacterial activity
Escherichia coli (ATCC 25922) and 

Pseudomonas aeruginosa (ATCC 27853) strains 
were subcultured on Mueller-Hinton agar plates 
(Merck, Darmstadt, Germany) and incubated at 
37°C in anaerobic conditions for 24 hours for at 
37°C. Single colonies were suspended in trypticase 
soy broth (TSB and 1% glucose) (Merck, Darmstadt, 
Germany) and incubated at 37°C for 24 hours 
and were diluted to a turbidity of 5×105 colony-
forming unit [CFU]/ml using a spectrophotometer. 
Specimens were placed in a 24-well microplate, 
inoculated with 1 ml of bacterial suspension and 
incubated for 24 or 48 hours at 37°C. The inoculum 
was removed and the density of the microbial broth 
culture was determined by plating 10 µl of serially 
diluted inoculum on agar plates. To evaluate the 
antibiofilm activity, catheter samples were rinsed 
gently with the sterile phosphate-buffered solution 
for 1 minute to remove unattached cells and then 
placed in sterile tubes containing 1 ml of PBS 
and vortexed for 1 minute. The suspensions were 
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serially diluted, then 10 µl of each was suspended 
on Mueller-Hinton agar plates and incubated at 
37°C and 5% CO2 for 24 hours. After incubation, 
the colony-forming units (CFU/ml) were calculated 
[54]. 

2.8 Cell viability
L929 mouse fibroblast cell line was employed 

in the cytotoxicity test. The Dulbecco’s Modified 
Eagle’s Medium (Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) containing 10 % of fetal 
bovine serum (Gibco; Thermo Fisher Scientific, 
Inc., Waltham, MA, USA) and 100 U mL−1 
Penicillin/Streptomycin (Gibco; Thermo Fisher 
Scientific, Inc., Waltham, MA, USA), was used 
as the culture medium. Briefly, sterilized coated 
and uncoated catheters were placed into 24-well 
plates and cells were seeded at a density of 105 
cells/well and incubated at 37 °C with 5 % CO2 
for 24, 48 and 72 hours. After the incubation, the 
supernatant culture medium was removed and 
cells were washed with phosphate buffer saline 
3 times. Next, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyl tetrazolium bromide (MTT) solution was 
added and plates were incubated for 4 hours. 
Finally, the intracellular formazan crystals were 
dissolved by adding dimethyl sulfoxide (DMSO). 
The absorbance of the suspension was measured 
at 570 nm.

2.9. Characterization
ATR-FTIR spectra (Shimadzu, Japan) (400 

cm -1 to 4000 cm-1) of the samples were obtained 
at room temperature. Thermogravimetric 
analysis (TGA) was conducted under a nitrogen 
atmosphere in the temperature range of 25–
700 °C at a heating rate of 10 °C min-1. FESEM 
type 1430 VP (LEO Electron Microscopy Ltd, 
Cambridge, UK) was applied to characterize 
the surface morphology of samples. The wettability 
of the catheters was investigated via the drop 
water contact angle measurement using an OCA 
20 plus contact angle meter system (Data Physics 
Instruments GmbH, Filderstadt, Germany). AFM 
(NanoSurf Core AFM, Nanosurf AG, Liestal, 
Switzerland) was applied for 3D exploration of the 
samples’ surface. 

3. Results and discussion
Among the most important health problems 

of the present century, we can mention hospital 
infections that impose heavy costs on the health 
and treatment system, prolonging the length of 
hospitalization and increasing the patients’ death 
rate [7]. Permanent implanted medical devices are 
associated with various antibiotic-resistant hospital 
infections since the used materials are susceptible to 
bacterial adhesion, proliferation, biofilm formation 
and as a result, infection [5]. Considering the crucial 

Fig. 1- Schematic illustration of the catheter coating.
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threat of bacterial resistance to public health, in 
this project, we decided to design a coated catheter 
that both prevents biofilm formation and presents 
antibacterial properties resulting in limiting the 
need for antibiotic therapy in case of urinary tract 
infections. Modulating the nanostructure of the 
silicone catheter by coating PANI on the catheter 
surface and the Ag nanoparticle incorporation 
while maintaining the intrinsic properties including 
durability and stability were the aims of the 
present study. Since the morphology of the coated 
copolymer is brush-like, this feature is a factor in 
reducing biofilm formation due to the creation of 
spatial hindrance and subsequently preventing the 
adhesion of proteins related to bacteria.

3.1 ATR-FTIR
The ATR-FTIR spectra of catheter, catheter-

PHEMA, catheter-PHEMA-PANI and catheter-
PHEMA-PANI-Ag are shown in Figure 2. Catheter 
ATR-FTIR spectrum (Figure 2a) shows two 
stretching vibration bands at 1010 and 1077 cm-1 
related to the Si-O-Si bond and a bending vibration 
band at 789 cm-1 attributed to the Si-OH bond 
[55-57]. The ATR-FTIR spectrum related to the 
catheter-PHEMA is presented in Figure 2b. The 
absorption bands observed in the catheter can also 
be seen in this spectrum. A slight difference can 
be seen only in the absorption intensity and wave 
numbers. In addition, the stretching vibration bands 
at about 3400-3500 cm-1 are related to OH groups 
of PHEMA. The rest of the bands corresponding to 
PHEMA overlaps with the previous bands. At the 
ATR-FTIR spectrum of catheter-PHEMA-PANI 
(Figure 2c), the observed band at 1258 cm-1 is related 
to the C-N absorption band and the bands observed 
at 300-3100 cm-1 are attributed to the vibrations of 
the aromatic C-H group and the bands observed at 
1400-1600 cm-1 are related to the C=C stretching 
bands of the aromatic ring of polyaniline. At the 
ATR-FTIR spectrum of catheter-PHEMA-PANI-
Ag (Figure 2d), the stretching vibration band at 
3382 cm-1 is related to the NH2 stretching bands of 
PANI and the stretching vibration band at 2963 
cm-1 is related to the aliphatic C-H bonds and the 
stretching vibration bands at 1593 and 1507 cm-1 are 
related to the C=C stretching bands of the aromatic 
ring of polyaniline. ATR-FTIR spectrum confirms 
that amine groups of PANI have a strong binding 
affinity with silver nanoparticles. 

3.2 Thermal stability
The TGA curves of catheter, catheter-PHEMA, 

and catheter-PHEMA-PANI are shown in Figure 
3. According to Figure 3, all three samples have 
thermal stability up to 440 ˚C and all samples 
lost weight at higher temperatures, although the 
uncoated silicone sample has less weight loss 

at 700 ˚C and retained about 75% of its weight. 
Catheter-PHEMA (Figure 3) has a greater weight 
loss of 50% and kept only 50% of its weight at 700 
˚C. As expected, the catheter-PHEMA-PANI has a 
steeper weight loss at 700 ˚C and kept only 38% of 
its weight, which can be related to the degradation 
of PANI.

3.3 SEM
SEM images were used to evaluate the surface 

characteristics and changes in the morphology of 
the obtained products. Figure 4a is related to the 
image of the uncoated catheter. As can be seen in 
the figure, its surface is completely smooth without 
any kind of coatings. Figure 4b shows the SEM 
image of a PHEMA-coated catheter; surface is in 
the form of a sponge and has created an excellent 
coating on the catheter.

About catheter-PHEMA-PANI (Figure 4c) the 
catheter surface is in the form of wide plates, which 
confirms the polyaniline coating. Concerning 
the SEM image of catheter-PHEMA-PANI-Ag 
(Figure 4d and 4e) silver nanoparticles with a 
size of 29-30 nm are deposited on polyaniline 
plates. Furthermore, EDX results are shown in 
Figure 4 indicating the percentage of elements 
corresponding to the coating structure. 

3.4 AFM
As can be seen in the AFM images in Figure 

5, the surface morphology of uncoated catheters 
is significantly different from coated catheters at 
each stage. The uniform surface of the uncoated 
catheter in Figure 5a has become a surface with 
lumpy morphology, and with polymerization of 
HEMA (Figure 5b), an almost uniform surface 
but different from the uncoated catheter is created. 
The morphological changes observed in these 
images are completely consistent with the results 
obtained from the SEM images. According to 
the AFM, the PHEMA coating showed a non-
flat surface and with the polymerization of PANI 
(Figure 5c), the morphology of the surface became 
somewhat smooth with regular grooves. In the case 
of catheter-PHEMA-PANI-Ag (Figure 5d), silver 
nanoparticles can be clearly seen in the form of 
spheres on the surface of PANI. Furthermore, the 
surface roughness values of the samples are listed 
in Table 1.

3.5 Wettability
Water contact angles are used as a qualitative 

sign of surface hydrophilicity. Images of the 
WCA analysis of catheter, catheter-PHEMA, 
catheter-PHEMA-PANI, and catheter-PHEMA-
PANI-Ag are shown in Figure 6. As can be seen, 
with the continuation of the coating process, the 
WCA and consequently the hydrophilicity of the 
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Fig. 2- ATR-FTIR spectrum of catheter (a), catheter-PHEMA (b), catheter-PHEMA-PANI (c), and catheter-PHEMA-PANI-Ag (d).

 

 

(a) 

(b) 

 

 

(d) 

(c) 
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Fig. 3- TGA curves of catheter (green), catheter-PHEMA (red), and catheter-PHEMA-PANI (purple).

Fig. 4- SEM of catheter (a), and FESEM of catheter-PHEMA (b), catheter-PHEMA-PANI (c), and catheter-PHEMA-PANI-Ag (d and e).
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coated catheter has increased from 116˚ for the 
uncoated catheter to 101˚ for catheter-PHEMA-
PANI and 73˚ for the catheter-PHEMA-PANI-
Ag. This indicates that PANI is more hydrophilic 

than silicone catheters. It has been established that 
structuring the catheter surface alters the surface 
wettability, affecting cell adhesion, proliferation 
and ultimately colonization [50].

Fig. 5- AFM images of catheter (a), catheter-PHEMA (b), catheter-PHEMA-PANI (c), and catheter-PHEMA-PANI-Ag (d).

Table 1- The surface roughness values of the samples.

 

  

 

 

 

Fig. 6- Contact angle images of catheter (a), catheter-PHEMA (b), catheter-PHEMA-PANI (c), and catheter-PHEMA-PANI-Ag (d).
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3.6 Antibacterial and antibiofilm properties
It is acknowledged that urinary tract infections 

are mainly caused by P. aeruginosa, E. coli, S. 
aureus and P. mirabilis. Ag nanoparticles inheriting 
a broad spectrum of antibacterial properties were 
applied in this study. Coated catheters at each 
stage were investigated for antibacterial activities 
against the bacterial growth in planktonic and 
biofilm states at 24 and 48 hours of bacterial 
incubation with the tested samples. In the present 
study, we focused on Gram-negative pathogens 
since no developed antibiotics have been approved 
for Gram-negative pathogens recently in spite of 
their growing threatening multidrug resistance 
[58, 59]. The antibacterial properties against P. 
aeruginosa and E. coli in planktonic and biofilm 
forms are shown in Figure 7. The uncoated sample 
did not demonstrate antibacterial activity in any 
bacterial growth states. Furthermore, the PHEMA-
coated catheter showed no significant inhibition 
of planktonic or biofilm growth. The hydrophilic 
PANI-coated catheters showed no antibacterial 
effect for bacteria in the planktonic state. However, 
the highly hydrophilic nature of the surface 
impeded the bacteria adhesion and impaired the 
biofilm formation of both P. aeruginosa and E. coli 
during 24 and 48 hours, acting as an antifouling 
coating [60]. PANI-coated catheter achieved more 
than 2 log (CFU/ml) reduction of bacteria. PANI 
affects bacteria cell membrane and induces the 
expression of oxidative damage-responsive genes 
while repressing genes involved in metabolism, 
transport and cell wall synthesis [61]. These results 
corroborate the previous study regarding the 
inhibitory effects of PANI-coated surfaces against 
P. aeruginosa attachment and growth [50].

PHEMA-PANI-Ag-coated catheter inhibited 
the initial adherence of P. aeruginosa and E. coli 
and also exhibited an inhibitory effect against 
biofilm formation during 24 and 48 hours of 
incubation. Notwithstanding, the antibacterial 
effect of the Ag-coated samples did not differ 
by increasing time, obtaining an approximately 
4 log(CFU/ml) and more than 99% reduction 
in viable bacteria. It can be concluded that 
bacterial adhesion was reduced on the PHEMA-
PANI –coated catheters and strongly reduced 
on the PHEMA-PANI-Ag-coated catheter with 
excellent antibacterial and anti-adhesive activity 
against Gram-negative bacteria. Therefore, 
HEMA-PANI-Ag-coated catheter can be 
considered an advantageous catheter material 
compared to the commercially available silicone. 
The hydrophilic component of polymer-coated 
catheters that increased the hydrophilic balance 
along with the cationic characteristics of Ag 
nanoparticles decreased the bacterial viability. 
The cationic nature of Ag nanoparticles facilitates 

the adsorption to the bacterial membrane with 
negative charges and affects the integrity of the 
cell membrane by interfering with the membrane 
structure and permeability and consequently 
transport of various molecules through the 
membrane [60]. 

3.7 Cell Viability
Since nanoparticles at high concentrations 

inflict cytotoxicity on cells, the biocompatibility 
of the layered coating is considered an important 
factor to be assessed prior to clinical applications. 
Potential cytotoxic effects of coatings are shown in 
Figure 8. For this purpose, the L929 fibroblast cells 
were incubated on different coated catheters for 
24, 48, and 72 hours and cell viability was assessed 
using the MTT method. The results showed that 
despite a slight decrease in cell proliferation on 
coated catheters during the first 24 hours, the 
final coated catheter (catheter-PHEMA-PANI-Ag) 
presented excellent cytocompatibility after 72 hours 
and the mean cell viability was over 93%, meaning 
the coated catheter is safe for further clinical 
applications. The cell repellency and antifouling 
properties of the coatings might be the main reason 
for low cell viability results. 

4. Conclusions 
In summary, a catheter coating based on 

polyaniline-hydrogel was designed and silver 
nanoparticles were incorporated into the 
polymeric substrate. The results revealed that 
PHEMA-PANI-Ag coating on the catheter surface 
presents a significant hydrophilicity compared to 
the uncoated one. The WCA and consequently the 
hydrophilicity of the coated catheter have improved 
from 121˚ for the uncoated catheter to 101˚ for 
catheter-PHEMA-PANI and 73˚ for the catheter-
PHEMA-PANI-Ag. Therefore, a hydrophilic 
PHEMA-PANI-Ag-coated catheter was developed 
with excellent thermal stability, antibacterial and 
antibiofilm properties against Escherichia coli and 
Pseudomonas aeruginosa during 24 and 48 hours 
and also improved biocompatibility on L929 
fibroblast cells. Furthermore, the PHEMA-PANI-
coated catheter showed a significant antibiofilm 
formation activity against P. aeruginosa and E. 
coli, while the Ag-containing coated catheter 
exhibited strong antibacterial activity against 
both bacteria in both planktonic and biofilm 
states. It is concluded that the PHEMA-PANI-Ag-
coated catheter is a potential solution for urinary 
catheter infections and supports further clinical 
investigations.
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Fig. 7- The number of viable bacterial cells in CFU/ml for catheter (control), catheter-PHEMA, catheter-PHEMA-PANI, and 
catheter-PHEMA-PANI-Ag against P. aeruginosa and E. coli in planktonic and biofilm forms.
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Fig. 8- Cytotoxic effects of catheter, catheter-PHEMA, catheter-PHEMA-PANI, and catheter-PHEMA-PANI-Ag on fibroblast cells.
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