
Vol.:(0123456789)

Current Microbiology (2024) 81:100 
https://doi.org/10.1007/s00284-024-03616-w

Green‑Synthesized Silver Nanoparticles in the Prevention 
of Multidrug‑Resistant Proteus mirabilis Infection and Incrustation 
of Urinary Catheters BioAgNPs Against P. mirabilis Infection

Gustavo Issamu Asai Saikawa1 · Gustavo Henrique Migliorini Guidone1 · Sandriele Aparecida Noriler2 · 
Guilherme Fonseca Reis2 · Admilton Gonçalves de Oliveira2,3 · Gerson Nakazato4 · Sergio Paulo Dejato Rocha1 

Received: 31 January 2023 / Accepted: 10 January 2024 / Published online: 19 February 2024 
© The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature 2024

Abstract
This study aimed to assess the activity of AgNPs biosynthesized by Fusarium oxysporum (bio-AgNPs) against multidrug-
resistant uropathogenic Proteus mirabilis, and to assess the antibacterial activity of catheters coated with bio-AgNPs. Broth 
microdilution and time-kill kinetics assays were used to determine the antibacterial activity of bio-AgNPs. Catheters were 
coated with two (2C) and three (3C) bio-AgNPs layers using polydopamine as crosslinker. Catheters were challenged with 
urine inoculated with P. mirabilis to assess the anti-incrustation activity. MIC was found to be 62.5 µmol l-1, causing total 
loss of viability after 4 h and bio-AgNPs inhibited biofilm formation by 76.4%. Catheters 2C and 3C avoided incrustation 
for 13 and 20 days, respectively, and reduced biofilm formation by more than 98%, while the pristine catheter was encrusted 
on the first day. These results provide evidence for the use of bio-AgNPs as a potential alternative to combat of multidrug-
resistant P. mirabilis infections.

Introduction

Urinary tract infections (UTIs) affect a significant number 
of individuals worldwide, with Proteus mirabilis being a 
common causative agent [1]. This microorganism is par-
ticularly associated with complicated UTIs, such as catheter-
associated urinary tract infections (CAUTIs), which can lead 
to increased morbidity and mortality [1–3]. P. mirabilis pro-
duces potent urease, which hydrolyzes urea and contributes 
to the formation of crystals, including kidney stones, in the 

urinary tract [4]. These stones can cause severe complica-
tions, blockage of kidney ducts, and result in conditions like 
urosepsis [4]. Moreover, P. mirabilis can form crystalline 
biofilms that may incrust and block catheters, leading to fur-
ther complications [2].

P. mirabilis developed resistance to several classes of 
antibiotics, complicating the treatment. In addition, the 
tendency of this organism to become encased in urinary 
calculi or within crystalline biofilms in urinary catheters 
can protect the bacteria and thus lead to treatment failures 
[3]. To address these issues, silver nanoparticles (AgNPs) 
have gained attention due to their antimicrobial properties. 
Manipulating the size of AgNPs at the nano-level enhances 
their antimicrobial effects, and they have demonstrated activ-
ity against multidrug-resistant Gram-positive and Gram-
negative bacteria [5–8]. The exact mechanisms of AgNPs’ 
antimicrobial action are not fully understood but are believed 
to be multifactorial.[7].

Synthesis of nanoparticles can be achieved via physical, 
chemical, and biological protocols. Biosynthesis, a form of 
green synthesis, has become increasingly prevalent because 
it is less expensive, produces stable nanoparticles, and uses 
mild reaction conditions [6]. Biosynthesis of metal nanopar-
ticles exploits the molecular machinery that microorganisms 
use for detoxifying heavy metals [9]. Biomolecules produced 
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by the microorganisms serve as reducing agents for metal 
ions and stabilizing agents as the bio-reduced metal atoms 
coalesce and form nanoparticles [10].

Surface modification has a central role in the functionality 
of biomaterials, such as catheters [11]; since bacteria need 
to adhere to a surface to form a biofilm, preventing this step 
may reduce the risk of infection. One method by which this 
can be achieved is through presentation of a bound anti-
microbial agent on the bio-material surface [12]. Polydo-
pamine (PDA) is used as a surface coating that serves to 
anchor antibacterial agents to biomaterials, producing an 
antimicrobial surface [13]. PDA can be applied as an aque-
ous solution onto virtually any solid substrate, inorganic or 
organic, including superhydrophobic surfaces, with control-
lable film thickness. It is durable and stable as a result of the 
self-polymerization properties of dopamine [14, 15]. The 
objective of this study was to produce a multilayered coating 
of green synthesized AgNPs using PDA as a crosslinker on 
urinary Foley catheters, and to assess the anti-incrustation 
and antibacterial activity of the AgNP layer against multid-
rug-resistant P. mirabilis.

Materials and Methods

Bacterial Isolate

Extended-spectrum β-lactamases (ESBL)-producing P. 
mirabilis LBUEL H54 was isolated from urine of a male 
patient hospitalized at Londrina University Hospital (Lond-
rina, Paraná, Brazil) in 2015. The bacteria showed resistance 
to several antibiotics (amikacin, gentamicin, amoxicillin/
clavulanic acid, ampicillin, aztreonam, cephalothin, cefuro-
xime, ceftazidime, ceftriaxone, cefepime, ciprofloxacin, nor-
floxacin, nalidixic acid, sulfamethoxazole/trimethoprim) and 
was used for all antibacterial assays. The isolate was identi-
fied and the antibiograms were determined using the Vitek® 
2 Compact system (BioMérieux, Marcy-l'Etoile, France). 
Additionally, P. mirabilis specie also confirmed by biochem-
ical screening by EPM, MiLI (PROBAC™, BR), Simmons 
citrate (Difco™, USA) and phenylalanine (Difco™, USA).

Fungal Isolate Identification and Taxonomic 
Description

F. oxysporum, strain 551, obtained from the culture collec-
tion of the Molecular Genetics Laboratory of ESALQ-USP 
(Piracicaba, São Paulo, Brazil), was used for AgNP synthe-
sis. F. oxysporum, strain 551, is a non-pathogenic strain for 
humans, isolated from a soil collection, in the Atlantic For-
est biome (Piracicaba, São Paulo, Brazil, 22°42′3''S 47°38′3 
''W), collected on 03/01/2000.

The F. oxysporum strain 551 was characterized according 
to its macromorphological and micromorphological charac-
teristics (ESM Fig. S1) according to previously described 
methodologies [16, 17]. Briefly, the fungal isolate was cul-
tivated in PDA for 4 days at 28 °C, to analyze the macro-
morphological characteristics and micromorphologies of the 
vegetative and reproductive structures. Images of the fun-
gal colony on the PDA were obtained. The structures were 
observed using a specific optical Olympus CX43 in bright 
field under 400×magnification. The images were generated 
using the Epview software.

For molecular characterization, the isolate 551 was grown 
on potato-dextrose broth (PDB) in shaker 150 rpm at 28 °C 
for 3 days, and the genomic DNA was extract according 
to protocol previously described [18]. For the phylogenetic 
analysis the ITS 5.8S region, partial of the elongation fac-
tor 1-alpha (tef1), and RNA polymerase second largest 
subunit gene (rpb2) genes were amplified and sequenced 
as described using primers ITS5 and ITS4 [19], EF1 & 
EF2 [20], RPB2-5f2 & RPB2-7cr [21], respectively, as 
recommended for Fusarium species [22]. Amplicons were 
obtained as described by Noriler et al. (2018) [23], using the 
same primer pairs as were used for amplification to ensure 
integrity of the sequences.

The curation of the chromatograms, sequences, align-
ment and substation model were performed as described by 
Noriler et al., (2019) [24]. The sequences used for performed 
the phylogenetic analysis were curated from the literature 
from the Fusarium oxysporum species complex (FOSC) [22, 
25, 26]. Phylogenetic inference was based on Bayesian Infer-
ence (BI) using MrBayes version 3.2.1 [27].

The identification of the isolate 551 was based on phylo-
genetic analysis of the gene makers, comparing with other 
species from the FOSC described in the literature [22, 25, 
26]. We could group the Fusarium isolate 551 in the FOSC 
group closest to Fusarium fabacearum (ESM Fig. S2), 
although the polytomy indicated that maybe more isolates 
from the species or even other genes are needed to solve the 
phylogenetic relationship between these strains. Moreover, 
as mentioned in the literature the FOSC is a highly diverse 
group, and much effort has been made to correctly charac-
terize all the species inside this complex. The authors sug-
gested that epitypification and neotypification of old names 
are still needed [26, 28].

Biosynthesis of AgNPs

Green-synthesized AgNPs (bio-AgNPs) were prepared 
following a previously described method [29]. Briefly, F. 
oxysporum was cultivated on malt agar (Acumedia®) with 
0.5% (wt/v) yeast extract for 7 days at 28 °C. Fungal biomass 
was weighed, added to distilled water at a concentration of 
0.1 g/ml−1, and incubated for 72 h at 28 °C. The solution 
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was filtered and AgNO3 (Merck™) was added to the filtrate 
at 10 mmol l−1 concentration. The solution was incubated 
for 15 days at 28 °C in the absence of light. Color change of 
the solution from pale yellow to dark brown was indicative 
of AgNP synthesis.

Characterization of Bio‑AgNPs

The size distribution of the bio-AgNPs was determined by 
Photon Correlation Spectroscopy (PCS) and zeta potential 
was determined by Laser Doppler Electrophoresis (LDE) 
using a ZetaSizer NanoZS (Malvern Panalytical). The trans-
mission electron microscopy (TEM) image to verify the 
shape of the Bio-AgNPs was obtained using the FEI Tecnai 
12TM equipment. The BioAgNP sample was prepared with 
diluted deionized water and deposited on a Cu grid and dried 
at room temperature.

Antibacterial Activity of Bio‑AgNPs

Broth Microdilution Assay

Broth microdilution assay was used to assess the minimal 
inhibitory concentration (MIC) according to Clinical and 
Laboratory Standards Institute guidelines [30]. Bio-AgNPs 
were tested at final concentrations ranging from 7.8 to 
500 µmol l−1. Sterile Mueller–Hinton broth (MHB, Difco™) 
was used as a negative control and MHB inoculated with P. 
mirabilis LBUEL-H54 was used as positive control. P. mira-
bilis LBUEL-H54 was stored in 25% glycerol (Merck™) at 
− 20 °C. Stored P. mirabilis LBUEL-H54 was incubated in 
MHB at 37 °C for 24 h and was tested at a final concentra-
tion of approximately 5 × 105 CFU/ml−1. MIC was defined 
as the lowest concentration of bio-AgNPs able to inhibit the 
visible growth of P. mirabilis LBUEL-H54.

Time‑Kill Assay

Time-kill assay was performed according to NCCLS (1999) 
[31]. P. mirabilis LBUEL-H54 was incubated in the pres-
ence of bio-AgNPs at the MIC, or absence of bio-AgNPs 
at 37 °C. Aliquots were taken in triplicate at 0, 15, 30 and 
60 min, 2 h, 4 h, 8 h, 12 h, and 24 h and transferred to Muel-
ler–Hinton agar (MHB, Difco™). CFU/ml−1 were counted 
to build a curve of log10 CFU/ml−1/hour of exposure to the 
bio-AgNPs.

Antibiofilm Activity of Bio‑AgNPs

XTT reduction assay was used to assess the inhibitory 
capacity of bioAgNPs against P. mirabilis LBUEL-H54 
biofilm formation. XTT (2,3-bis (2- 161 methoxy-4-nitro-
5-sulfophenyl)-2H-tetrazolium-5-carboxanilide) (Merck™) 

and menadione (Merck™) solutions were prepared as previ-
ously described [32]. Briefly, XTT solution was prepared 
in phosphate buffered saline (PBS, 10 mmol l−1, pH 7.4) at 
a concentration of 1 mg/ml−1, sterilized by filtration, and 
kept at − 20 °C. Menadione was prepared at 1 mmol l−1 in 
acetone, and a working solution of XTT/menadione (12.5:1 
(v/v) was prepared.

100 µl P. mirabilis LBUEL-H54 (105 CFU/ml−1) was 
incubated with bioAgNPs at MICs of 0.5, 1, and 2 in 96-well 
plates in quintuplicate for 24 h at 37 °C. After incubation, 
MHB was removed and wells were washed three times with 
PBS. 13.5 µl XTT/menadione solution in 100 µl of PBS was 
added to each well and incubated for 4 h at 37 °C in absence 
of light. Absorbance was read at 490 nm. The percentage of 
biofilm inhibition was calculated using the equation [(OD 
growth control—OD sample)/OD growth control]×100 [33]. 
P. mirabilis LBUEL-H54 culture in absence of bio-AgNPs 
served as a positive control and MHB plus bio-AgNPs 
served as a negative control.

Surface Modification

Surface modification of the 3-way latex silicone-coated 
Foley catheter (SOLIDOR®, No 24), two layers (2C) or 3 
layers (3C) of bio-AgNPs, adapted from [34]. Sterile cath-
eters were cut into 6-cm lengths and coated with PDA. 
The catheter segments were immersed in 10 ml of dopa-
mine solution (2 mg/ml-1 dopamine hydrochloride; Sigma-
Aldrich™) in 10 mmol l−1 Tris buffer (pH 8.5) at 22 °C for 
24 h on a shaker platform at 250 rpm. The catheters were 
left to dry for 1 h in a laminar flow cabinet, then immersed 
in 10 ml of bio-AgNPs solution (10 mmol l−1) and incubated 
for 24 h in a shaker at 250 rpm. The last step was repeated 
once for generation of 2C catheters and twice for generation 
for the 3C catheters.

Surface Characterization

2C and 3C catheters were subjected to energy dispersive 
X-ray spectroscopy (EDX) analysis. 1-cm pieces of catheters 
were analyzed in three distinct regions using two channels, 
from sodium to scandium and from titanium to uranium. 
Spectroscopy peaks were generated using Origin Pro 8 soft-
ware (OriginLab).

Incrustation Assay

The incrustation assay was performed according to [34]. The 
capacity of 2C and 3C catheters to prevent incrustation was 
assessed by incubating 1-cm lengths of each catheter type in 
2 ml of artificial urine (calcium chloride (0.049% wt/v), mag-
nesium chloride hexahydrate (0.065% wt/v), sodium chloride 
(0.46% wt/v), di-sodium sulfate (0.23% wt/v), tri-sodium 
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citrate dehydrate (0.065% wt/v), di-sodium oxalate (0.002% 
wt/v), potassium dihydrogen phosphate (0.28% wt/v), potas-
sium chloride (0.16% wt/v), ammonium chloride (0.1% wt/v), 
urea (2.5% wt/v), tryptic soy broth (0.1% wt/v), gelatin (0.5% 
wt/v)) inoculated with P. mirabilis LBUEL-H54 at a concen-
tration of 105 CFU/ml−1. The tubes were incubated at 37 °C 
with shaking at 100 rpm for 24 h. The catheter segments were 
transferred to a fresh inoculated artificial urine solution every 
24 h. An uncoated catheter segment in artificial urine without 
bacteria served as a negative control and an uncoated, sterile 
catheter segment immersed in artificial urine with P. mirabilis 
LBUEL-H54 at (105 CFU/ml−1) served as the positive control. 
Turbidity of the urine solution due to precipitate formation was 
used to indicate the onset of incrustation.

Antibiofilm Assay

1-cm lengths of 2C and 3C catheters were immersed in 2 ml 
of MHB with P. mirabilis LBUEL-H54 at a concentration 
of 105 CFU/ml−1 and incubated at 37 °C with shaking at 
100 rpm for 24 h. A pristine catheter segment immersed in 
MHB with bacteria at the same concentration was used as a 
positive control, and a pristine catheter segment immersed in 
MHB without bacteria served as a negative control. The cath-
eter segments were washed with saline solution (NaCl 0.9%) 
and treated with LIVE/DEAD™ BacLight™ L7007 (Invitro-
gen™). Bacterial viability (live bacteria stained green) was 
assessed by a confocal microscopy spectral (CMS) platform 
using a TCS SP8 microscope (Leica™).

Statistical Analysis

The experiments were performed in triplicate. Data were ana-
lyzed using the R software version 4.2.3. The Shapiro–Wilk 
test was used to verify the normality of the samples. To verify 
the independence of errors, the Durbin-Watson test was used. 
To analyze the Homoscedasticity of variances, the Lavene test 
was used. Analysis of variance (ANOVA) and Tukey post-test 
were performed. The results were considered statistically sig-
nificant when P < 0.01.

Sequence Deposition

The DNA sequences of each region were deposited in the 
NCBI/GenBank with the accession numbers: OR853729 
(ITS); OR865872 (rpb2); OR865873 (tef1).

Results

Characterization of Bio‑AgNPs

TEM analysis showed that the bio-AgNP generated in this 
study were spherical (ESM Fig. S3). The average size of 
the bio-AgNPs, determined by PCS was 126.3 nm, and the 
average zeta potential, determined by LDE, was -36.86 mV 
(ESM Fig. S4).

Antibacterial Activity of Bio‑AgNPs

Broth Microdilution Assay and Time‑Kill Curve

The MIC of bio-AgNPs against P. mirabilis LBUEL-H54 
was found to be 62.5 µmol l−1. Temporal activity of AgNPs 
is shown in Fig. 1. The time to completely eliminate the 
number of viable cells is 4 h after starting the treatment. 
However, the reduction in the number of cells is already 
observed from the first minutes after treatment.

Antibiofilm Activity of Bio‑AgNPs

XTT reduction assay was used to assess the metabolic activ-
ity of cells in the biofilm after 24 h of treatment with bio-
AgNPs. At the MIC value, there was also a 76.4% reduc-
tion of biofilm formation, with similar results at supra-MIC 
treatment (76% reduction). However, treatment of biofilms 

Fig. 1   Time-kill curve of AgNPs biosynthesized by F. oxysporum 
against P. mirabilis isolated from UTI. The time to completely elimi-
nate the number of viable cells is 4 h after starting treatment. How-
ever, the reduction in the number of viable cells is visible after the 
first minutes of treatment. P < 0.01. Shapiro–Wilk statistical test and 
standard deviation of results
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with sub-MIC resulted in an increase in biofilm formation 
when compared to the control. This result reveals the need 
to use doses above the MIC, thus avoiding inducing biofilm 
formation during possible treatments.

Surface Modification and Characterization 
of Catheter

As shown in Fig. 2, the surface of the catheter changed to a 
brownish color after the formation of the thin PDA film and 
to a dark brown after submersion in the bio-AgNP solution.

EDX analysis confirmed the presence of silver on the 
catheter (Fig. 3 and ESM Table S1). Silver was absent in 
the uncoated catheter but was present on catheter 2C and 
present at higher levels on catheter 3C, demonstrating that 
the multilayer coating strategy was successful and efficient, 
in addition to allowing manipulation of the amount of bio-
AgNPs to be applied.

Incrustation Assay

Catheters 2C and 3C were challenged with artificial urine 
inoculated with 105 CFU/ml-1 P. mirabilis LBUEL-H54 to 
assess the capacity of inhibiting encrustation. After every 
24 h, catheters were transferred to freshly prepared artifi-
cial urine. The turbidity of urine suggested encrustation as a 
result of precipitation of crystals [21]. Encrustation occurred 
right on the first day for the pristine catheter (Fig. 4). Cath-
eter 2C was able to avoid encrustation for 13.5 ± 0.7 days 
and catheter 3C inhibited incrustation for 21 ± 1.4 days 
(ESM Fig. S5). Our data demonstrates that the greater the 
number of coating layers, the longer the time for incrusta-
tion to occur. Furthermore, there is a significant difference 
between the embedment time between the pristine catheter, 
the 2-layer coated catheter and the 3-layer coated catheter, 
P < 0.01.

Fig. 2   Appearance of catheters. A pristine catheter B catheter coated with PDA C catheter coated with PDA + AgNPs. The change in color of 
the catheter with PDA indicates that there was polymerization and coating

Fig. 3   EDX analysis of the surface of catheters. A Pristine catheter 
B Catheter 2C C Catheter 3C. The EDX analysis demonstrated the 
difference in Ag concentration between the different treatments. The 
pristine catheter did not show the presence of Ag. The 2-layer cath-
eter showed 8.109 ± 2.7 and the 3-layer catheter 20.02 ± 3.6
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Antibiofilm Assay

The decrease in the number of viable bacteria in the 2C 
and 3C catheters compared to the uncoated control cath-
eters was notable (Fig. 5). Fluorescence intensity measure-
ments of viable bacteria on 2C catheters showed a 98.1% 
and 99.3% reduction on the external and luminal surfaces, 
respectively, compared to control catheters. Fluorescence 
analysis of viable bacteria in catheters 2C and 3C showed 
a reduction of 98.31% and 99.99% on the external and 
luminal surfaces, respectively (P < 0.01). These data dem-
onstrate the efficiency of resurfacing with AgNPs against 
the present isolate, when compared with the untreated 
catheter.

Discussion

The morphology of bio-AgNPs generated in this study was 
shown to be spherical, consistent with reports of AgNPs 
synthesized using F. oxysporum found in literature [8, 29]. 
Studies have shown that the enzyme nitrate reductase is 
responsible for chemically reducing Ag + ions to AgNPs in 
F. oxysporum, and the isolated enzyme also produces spheri-
cal AgNPs [29, 35].

The antibacterial activity of AgNPs is size dependent 
[36]. The AgNPs synthesized by us had an average size of 
126.3 nm and a MIC of 62.5 µmol l−1 (6.7 µg/ml-1) against 
uropathogenic P. mirabilis LBUEL-H54. However, the MIC 
value of AgNPs against P. mirabilis documented in the 

Fig. 4   Encrustation assay of 
catheters. 1st day: 1- positive 
control, 2- 2C, 3- 2C, 4- 3C, 
5- 3C, 6- negative control. 13th 
day: 1- positive control, 2- 2C, 
3- 3C, 4- negative control. 
20th day: 1- positive control, 
2- 3C, 3- negative control. The 
turbidity indicates the onset of 
encrustation
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literature is variable [37, 38], with reports of AgNPs rang-
ing from an average size of 10 nm and MIC of 150–250 μg/
ml-1[39] to AgNPs with an average size of 16 nm and MIC 
of 2.5 μg/ml-1 [40]. Factors such as the AgNP features, bac-
terial strain, and methodologies applied can influence the 
antibacterial activity of AgNPs and might limit comparison 
between studies [10, 41].

According to the M26-A document [31], a bactericidal 
effect is a reduction ≥ 3log10 (99.9%) of the total count of 
CFU/ml-1. According to this definition, at MIC the bio-
AgNPs in this study produced bactericidal activity at 2–4 h 
of treatment, as shown in Fig. 1. At the MIC value, there was 
also a 76.4% reduction of biofilm formation, with similar 
results at supra-MIC treatment (76% reduction). However, 
treatment of biofilms with sub-MIC resulted in an increase 
in biofilm formation when compared to the control. Stress 
response mechanisms, including high metal concentra-
tions, are known to induce biofilm formation [42] and this 
may explain why, at sub-MIC, the presence of bio-AgNPs 
led to an increase in biofilm formation. Similarly, some 
antibiotics can induce biofilm formation at sub-inhibitory 

concentrations [43, 44]. Oxidative stress also can increase 
biofilm formation [45]. Given that an accepted mechanism 
for the antibacterial activity of AgNPs is the generation of 
reactive oxygen species [46], this also may also have con-
tributed to the observed increase in biofilm formations at 
sub-MIC of bio-AgNP.

PDA has commonly been used to anchor biomolecules 
on biomaterial surfaces [11]. PDA has been also used to 
synthesize AgNPs insitu, acting directly as a reducing agent 
[34]. However, there is a lack of information about the anti-
bacterial activity of the AgNPs produced without interfering 
substances such as PDA itself. Moreover, size characteriza-
tion must usually be made by microscopy, a process which 
can change samples, create artifacts, and provides limited 
information about the size distribution and true population 
average of AgNPs [47, 48].

Our results show that AgNPs synthesized externally and 
properly characterized can be immobilized in the surface of 
the catheter using a PDA binding layer. Dopamine hydro-
chloride self-polymerizes in alkaline solutions, forming 
PDA [11]. A color change in the solution to dark brown 

Fig. 5   Formation of biofilm by 
P. mirabilis on both luminal and 
external surfaces of catheters. 
The catheter treated 2C dis-
played a reduction of 98.1% on 
the external surface and 99.3% 
on the luminal surface. Simi-
larly, the catheter treated 3C 
exhibited a reduction of 98.31% 
on the external surface and an 
impressive 99.99% on the lumi-
nal surface. The observations 
were made at 10×magnification, 
and the statistical analysis indi-
cated significance at P < 0.01. 
Shapiro–Wilk statistical test
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serves as the primary evidence for dopamine polymerization 
[49] and when applied to a surface, PDA forms a thin film 
[11]. As shown in Fig. 2, the surface of the catheter changed 
to a brownish color after the formation of the thin PDA film 
and to a dark brown after submersion in the bio-AgNP solu-
tion. EDX analysis confirmed the presence of silver on the 
catheter (Fig. 3 and ESM Table A1). Silver was absent in 
the uncoated catheter but was present on catheter 2C and 
present at higher levels on catheter 3C, demonstrating that 
the multilayer coating strategy was successful and allows 
for manipulation of the amount of bio-AgNPs to be applied.

P. mirabilis has been shown to be able to cause complete 
blockage of urine flow in catheters in less than 24 h [50]. In 
addition, commercially available catheters containing silver 
have not shown satisfactory performance. The Dover™ cath-
eter inhibited incrustation for less than 7 days in experiments 
similar to those used in the present study [34]. The Bardex® 
I.C.™ catheter was completely blocked in 4.4 days in an 
in vitro study [51] and in 11 days in an in vivo study [52]. In 
a prospective, multicenter, nonrandomized, clinical study, 
Pickard et al. 2012 [53] concluded that the Bardex® I.C.™ 
catheter is not effective in reducing symptomatic CAUTI, 
suggesting that 1000 people would need to receive a silver 
alloy catheter to prevent one CAUTI, with the true effect 
lying between one infection prevented in 42 people and one 
infection caused in 45 people. Long-term catheterization is 
defined as a catheterization period ≥ 28 days [2]. However, 
infection and incrustation can occur Much sooner. Thus, 
the results obtained in the present study are particularly 
promising.

Both catheters 2C and 3C showed a notable performance 
in inhibiting biofilm formation, as indicated in Fig. 5. The 
analysis of intensity of fluorescence showed a reduction of 
98.1% and 99.3% on fluorescence in external and luminal 
surfaces, respectively, in catheter 2C in comparison to the 
pristine catheter. Catheter 3C decreased the viability by 
98.31% on the external surface and 99.99% on the lumi-
nal surface. These data provide evidence that coating with 
AgNPs can be effective against uropathogenic isolates of P. 
mirabilis.

Conclusion

In conclusion, this study is a demonstration of the efficacy 
of coating urinary catheters using a multilayer coating strat-
egy, alternating between polydopamine and bio-AgNPS. 
Our results demonstrated that the AgNPs biosynthesized 
by F. oxysporum showed a significant capacity to inhibit 
the growth of planktonic cells of multiresistant P. mirabilis. 
Furthermore, the application of these nanoparticles in the 
urinary catheter enabled the inhibition of biofilm formation 
in cell culture. The bactericidal activity of bio-AgNPS is 

already known, making these substances possible alternative 
antimicrobials and with several proposed biotechnological 
activities. Thus, our proposal is a possible biotechnological 
application of these nanoparticles. However, it is impor-
tant to highlight that further research and clinical studies 
are needed to fully validate the efficacy and safety of these 
nanoparticles in biomedical applications such as the one 
proposed in this study.
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