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Abstract

Bacterial biofilms, structured communities of microorganisms enmeshed in an extracellular matrix,
have emerged as significant players in various pathological processes. Renal calculi, commonly known
as kidney stones, pose a prevalent medical concern, and recent research has highlighted the potential
influence of bacterial biofilms in their formation and persistence. This review explores the development
of biofilms on the surface of urinary tract stones and how they create a favorable environment for the
colonization of bacteria. This colonization, in turn, can lead to chronic infections, stone enlargement,
and recurrent stone formation. This review offers a comprehensive exploration of the dynamic interplay
between bacterial biofilms and renal calculi. It emphasizes the role of biofilm-related mechanisms in
chronic infections, inflammation, and mineral deposition, underscoring the potential for innovative
therapeutic strategies aimed at managing and preventing biofilm-associated renal calculi.
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INTRODUCTION

In recent years, the study of bacterial
biofilms and their role in various medical conditions
has garnered significant attention within the field
of life sciences.™? Bacterial biofilms, complex
and dynamic microbial communities enclosed
within a self-produced extracellular matrix, are
widespread in nature and frequently exert a
pivotal role in various processes, including disease
pathogenesis.! These biofilms can form on a broad
spectrum of surfaces, including medical devices,
industrial equipment, natural environments, and
even within the human body. This review will
discuss the bacterial biofilms in the renal calculi.

Renal calculi, more commonly referred
to as kidney stones, are solid masses composed
of crystals that typically originate within the
kidneys. These stones vary in size and composition
and can cause significant discomfort and medical
complications.® Kidney stones represent a
prevalent urological problem that can affect
people of all ages, and their formation is influenced
by various factors.* The term renal calculus is
described as a solid and pebble-like structure that
forms in one or both sides of the kidneys. The
chemical constituents concentrate to form crystals
and this condition leads to the development of
renal stones.® This condition is also known as
nephrolithiasis, urolithiasis, urinary calculi, or
renal calculi and its prevalence rate is increasing.®
The worldwide incidence of kidney stones exhibits
significant variations across different regions.”?
It can affect individuals of all ages, genders, and
racial backgrounds but this exhibits a greater
occurrence in males, ranging from 10% to 20%, in
contrast to females, whose prevalence ranges from
3% to 5%. Notably, prevalence rates vary across
different regions. For instance, in Asia, reported
rates are approximately 1% to 5%, while in Europe,
they range from 5% to 9%, and in North America,
the range is 7% to 15%. It is noteworthy that Saudi
Arabia deviates from these patterns, displaying an
exceptionally elevated prevalence, where nearly
20% of its population suffers from kidney stones.
Conversely, China presents a considerably lower
incidence of kidney stones, affecting only around
4% of its population.2® These disparities highlight
the influence of geographical and possibly genetic

factors on the kidney stones prevalence in distinct
populations. The available global data indicate a
notable rise in the prevalence of kidney stones
among individuals of all genders during the final
25 years of the twentieth century.®%'! While the
pathogenesis of renal calculi has traditionally been
attributed to physicochemical processes, emerging
research suggests that bacterial biofilms may
exert a significant influence on stone formation
and growth. A comprehensive investigation was
carried out on a sample of 10,663 individuals to
investigate the prevalence and risk factors linked to
kidney stones. The results of this study uncovered
several factors contributing to the formation of
kidney stones, including middle age, male gender,
overweight status, higher socioeconomic status,
and other factors.?

The association between bacterial
biofilms and renal calculi stems from their capacity
to serve as niduses, providing a surface for crystal
nucleation and subsequent growth. These biofilms
can form on the surfaces of existing calculi or
within the renal papillae, where they create a
conducive environment for crystal adherence.*?
The formation of a kidney stone is the result of
the interaction between pathogens that cause
infection and mineral components obtained from
urine.®® The examination of kidney stones obtained
from persons with infections at a microscopic level
has provided insights into the characteristics of
bacterial biofilms. The bacterial cells present both
on the external and inside kidney stones have a
distinct organization in the form of micro-colonies,
which are enveloped by a matrix composed of
crystalline substances, specifically struvite.>4**

Numerous bacterial species have been
implicated in the development of biofilms that
are linked to the production of renal calculi.
One of the noteworthy organisms in this group
is Proteus mirabilis, which stands out for its
capacity to synthesize the urease enzyme. This
enzyme facilitates ammonia and carbon dioxide by
hydrolysis of urea, resulting in the creation of an
alkaline environment that fosters the precipitation
of crystals.'?%18 Other bacteria frequently found
in urinary tract infections, such as Escherichia
coli.*® Understanding the mechanisms underlying
the interplay between bacterial biofilms and renal
calculi formation has important implications for
clinical management.?
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In total, the intricate relationship
between bacterial biofilms and renal calculi
highlights the importance of gaining a thorough
comprehension of their role in stone formation
and associated infections. Further research into
the specific interactions, molecular mechanisms,
and potential therapeutic interventions is essential
for advancing our knowledge in this field. As our
understanding deepens, new avenues for targeted
treatments and preventive strategies may emerge,
offering potential benefits for individuals at risk
of renal calculi and related complications. This
review aims to delve into the intricate relationship
between bacterial biofilms and renal calculi,
shedding light on the underlying mechanisms,
contributing factors, and potential implications
for clinical management.

Formation of Renal Calculi

The formation of renal calculi, or kidney
stones, is a complex process influenced by various
factors, including urine composition, genetics,
lifestyle, and medical conditions.? Kidney stones
typically develop when certain substances in
the urine crystallize and aggregate, forming
solid masses within the kidneys.® Kidney stone
formation often begins with the supersaturation
of urine. This takes place when the concentration
of certain minerals or salts in the urine exceeds
their solubility limit, leading to the precipitation of
crystals.?® The most common minerals associated
with the formation of kidney stones include
calcium, oxalate, uric acid, and cystine, 9%,
10%, and 1% of stones.?>?2 Supersaturated urine
provides the ideal environment for crystals to
form.% Nucleation is the initial step where tiny
crystals, called nuclei, start to form around small
particles present in the urine. These particles can
include proteins, cellular debris, or even existing
crystals. Once nuclei are formed, they serve as
sites for further crystal growth.® The growing
crystals aggregate and form larger structures.
The specific type of crystal that forms depends
on the composition of the supersaturated urine
and other factors like pH and temperature. As
crystals grow, they can become embedded within
an organic matrix, which includes substances like
proteins and glycoproteins. This matrix can help
bind the crystals together and form a solid stone.
The kidneys have mechanisms to regulate crystal

formation. Certain substances, like citrate and
magnesium, help prevent crystal aggregation by
binding to crystals and preventing their growth.
Factors that promote crystal formation, such as
elevated levels of calcium or oxalate in the urine,
can intensify the process.>?* Urine pH plays a
crucial role in kidney stone formation. Different
types of stones tend to form under specific pH
conditions. For instance, acidic urine encourages
the formation of uric acid stones, while alkaline
urine supports the development of calcium
phosphate stones. Adequate urine flow helps
flush out crystals and prevent their aggregation.
Stagnation or reduced urine flow can allow crystals
to accumulate and aggregate, increasing the risk
of stone formation. Genetic predisposition can
influence an individual’s susceptibility to kidney
stones.” Additionally, dietary choices,* hydration
status,?® and medical conditions like obesity,
diabetes, and certain metabolic disorders? can
impact urine composition and elevate the risk
of stone formation. Certain medical conditions,
such as hyperparathyroidism (increased levels of
parathyroid hormone), gout (elevated uric acid
levels), and urinary tract infections, can alter urine
composition and promote crystal formation.?®?° In
summary, the formation of renal calculiinvolves a
sequence of events starting with supersaturation
of urine, nucleation of crystals, their growth and
aggregation, matrix formation, and potential
crystal inhibitors and promoters. Understanding
these processes is essential for developing
strategies to prevent and manage kidney stone
formation, which can have significant implications
for patients’ health and well-being (Figure 1).

Association between bacterial biofilms of urinary
tract and Renal Calculi

Bacterial biofilms within renal calculi
have garnered significant attention due to
their potential role in recurrent renal calculi
infections. Bacterial biofilms can form within
the core of renal calculi, which are solid mineral
deposits that develop within the urinary tract of
the kidney.' The process begins with bacterial
attachment to the stone surface, followed by
the accumulation of bacterial cells. As these
bacteria multiply and produce EPS, a protective
matrix forms around them, giving rise to a mature
biofilm structure within the stone’s interior.*
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Renal calculi containing bacterial biofilms exhibit
distinctive characteristics. The biofilm matrix is
comprised of EPS, proteins, polysaccharides, and
nucleic acids, which collectively contribute to the
biofilm’s structural integrity. The matrix serves
a dual purpose by not only providing protection
for bacteria against host immune responses
but also by impeding the efficacy of antibiotics
through the establishment of a physical barrier.?°
The compact structure of the biofilm confers
increased resilience to antibacterial interventions.
Bacterial biofilms within renal calculi are closely
linked to recurrent renal calculi infections. A
retrospective study on 1325 patients revealed
that 28% of UTl-infected patients developed
kidney stones.3* A comprehensive nationwide
investigation conducted in Taiwan reported that
among 1679 pediatric individuals newly diagnosed
with urolithiasis, UTI emerged as the predominant
correlated ailment, affecting 34.1% of the entire
subject cohort.??A comprehensive investigation
conducted in Pakistan revealed that out of 100
patients with UTI, 18.98% developed kidney
stones.® In 1679 patients more than 18 years
old with kidney stones and UTI revealed that UTI
is the most prevalent condition associated with
kidney stones, occurring in 34.1% of cases.?* A
study conducted on 599 patients with UTI revealed
that stone size was identified as a risk factor for
UTI in individuals with kidney stones.?*3> These
UTI biofilms can serve as reservoirs for pathogenic
bacteria, contributing to persistent infections
and treatment resistance. A Retrospective study
in Japan showed UTI infection is more likely to
have kidney stones in 286 patients infected with
UTI caused by S. aureus.*® In a recent systematic
review comprising 17 papers, a robust connection
between kidney stones and UTI was established,
indicating that UTI and kidney stones often
coexist.’” The presence of biofilms within calculi
complicates treatment approaches, as the
bacteria encased in the biofilm display reduced
susceptibility to antibiotics and can readily evade
the immune system’s defenses. Biofilm-associated
infections in renal calculi are perpetuated by
several mechanisms. The protective biofilm
matrix shields bacteria from immune cells and
antibiotics.3® Additionally, bacteria within biofilms
can enter a dormant state, rendering them less
susceptible to conventional treatments. These

factors collectively contribute to the chronic nature
of infections associated with biofilm-containing
renal calculi.

Microorganisms in Renal Calculi

Certainly, examining the various
microorganisms commonly found in renal stones
and their roles in stone pathogenesis provides
valuable insights into the complex interplay
between microbial communities and kidney stone
formation. UTl is the result of the bacterial ability
to adhere and colonize the urethra, perineum,
bladder, gut, renal pelvis, and renal interstitium
(intertubular, extraglomerular, and extravascular
space of kidney). Prospective research was
conducted to analyze 100 patients who were
hospitalized for the removal of kidney stones
in Thailand. The investigation identified the
presence of Klebsiella spp, E. coli, and P. mirabilis
in the stones.** In a study of renal calculi from
the southern part of India, out of the 42 infected
renal calculi, E. coli was isolated from 16 stones,
Pseudomonas spp. from 14, Proteus spp. from 5,
Klebsiella spp. from 4, Enterococci spp. from 2, and
Coagulase-negative Staphylococcus from a single
stone were detected to form biofilms and sensitive
against most of the antibiotics.* The conventional
microbiological examination of kidney stones
extracted from a sample of 200 patients revealed
aninfectionin 51% (103) of the stones. The highest
number of bacteria present were Proteus mirabilis
and Escherichia coli. Staphylococcus haemolyticus,
Pseudomonas aeruginosa, Klebsiella pneumoniae,
Enterococcus faecalis, Staphylococcus aureus, and
Acinetobacter baumannii. In which Staphylococcus
aureus, Klebsiella pneumonia, Proteus mirabilis,
Pseudomonas aeruginosa, and Acinetobacter
baumannii exhibited urease activity. These might
contribute to stone growth and retention.*
P. mirabilis exhibits the capacity to generate
intracellular crystals within epithelial host cells,
therefore evading the effects of antibiotics and
immunological responses. This phenomenon
contributes to the development of chronic and
recurring infections, which may be identified
by the utilization of an in vitro model.*> A
Retrospective study in Japan showed UTl infection
is more likely to cause kidney stones in 286
patients infected with S. aureus.*® Urease, an
enzyme that hydrolyses urea into ammonia and
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carbon dioxide. This increased level of ammonia
leads to an alkaline environment, promoting the
development of struvite stones. Fungal species
have also been detected in kidney stones. These
include species like Candida and Aspergillus.
Fungi might interact with bacteria and impact
stone formation through various mechanisms,
such as altering the urinary pH and promoting
biofilm formation. Fungal involvement in renal
calculi formation is an emerging area of research,
shedding light on the complex interplay between
microbial communities and stone development.
Amplicon gene sequencing identified the presence
of fungi in 11 out of 20 fragment groups of kidney
stones from the patients. In which Aspergillus and
Candida are preserved within CaOx, CaHPO,, and
struvite stone.*® In a separate investigation on the
filtration of urate and oxalate renal stones, the
identification of micromycetes on the nutritional
medium revealed a random distribution, resulting
in a minimal quantity of fungal colonies.*** A
study overlooked the kidney stone for the fungal
presence by using Fourier transform infrared
spectroscopy. A distinct investigation using 21
distinct samples of renal stones with varying
compositions found a minimal presence of fungal
colonies. The phosphate renal stones exhibited
a significant expansion of fungal and bacterial
colonies.* In a study of urinary calculi complicated
with UTI, detected 29.41% of fungus species out of
407 strains of microbial species. In which Candida
glabrata, Candida tropicalis, Candida parapsilosis,
Monilia albicans, and Meyerozyma guilliermondii
were there.*

Roles of microorganisms in stone pathogenesis
Crystal nucleation and growth

Microorganisms can profoundly impact
kidney stone development by participating
in crystal nucleation and subsequent growth.
The urinary tract environment, replete with
ions and molecules conducive to mineral
precipitation, provides a suitable setting for crystal
formation. This interaction potentially leads to
the accumulation of these ions in the proximity
of bacterial cells, consequently expediting
the crystallization process.*” Microorganisms,
particularly those endowed with urease-producing
capabilities, contribute significantly to this process.
An artificial laboratory model was employed to

investigate the growth within cells and the process
of crystallization when exposed to bacterial
strains such as P. mirabilis, Klebsiella pneumoniae,
and Escherichia coli.** Urease-positive bacteria
will generate ammonium and raise the level
of pH of the surrounding milieu. This alkaline
environment promotes the formation of crystals,
particularly struvite and carbonate apatite, which
are frequently linked with infection-related
stones. In patients with metabolic syndrome,
urea excretion via urine is reduced. Therefore, in
these patients, the alkalinity of urine will increase
and they are highly susceptible to developing
struvite stones.”® The mineral components of
stones, such as calcium phosphate and calcium
oxalate, can adsorb onto microbial surfaces. The
microorganisms serve as nucleation sites for these
crystals, aiding in their growth.

Biofilm formation

Urinary tract infection (UTI) arises from
the remarkable bacterial capacity to adhere to
and colonize various regions including the urethra,
perineum, bladder, gut, renal pelvis, and the
intricate renal interstitium, encompassing the
intertubular, extraglomerular, and extravascular
spaces within the kidney’s structure.* Specifically,
uropathogens affiliated with the Enterobacterales
order exhibit electronegativity and possess a
minute charge, enabling them to navigate the
repulsion induced by epithelial cells owing to
their negative charge.® A significant facet in the
development of infectious struvite stones involves
the biofilm formation orchestrated by ureolytic
bacteria within the urinary tract. Ureolytic
organisms, which possess urease enzymes, break
down urea to produce ammonium, leading to a rise
in urine alkalinity and promoting the development
of struvite stones. The process of biofilm formation
and struvite biomineralization can be divided into
several sequential stages which is illustrated in
Figure 2.

Inflammation and stone formation

Microbes, particularly those possessing
urease-producing capabilities, can instigate
inflammation within the urinary tract.’! The
interaction between these crystals and the
uroepithelium can initiate an immune response
characterized by the inflammatory cytokines and
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chemokines release.>? The immune response
triggered by microbial presence and crystal
formation involves the recruitment of immune
cells such as neutrophils and macrophages to
the site of infection. These immune cells release
various inflammatory mediators that contribute
to tissue damage and inflammation. In particular,
the discharge of reactive oxygen species (ROS)
and pro-inflammatory cytokines can lead to
oxidative stress and further tissue injury.>>°3
Chronic inflammation in the urinary tract can
have several consequences that promote kidney
stone formation.?” Inflammation can disrupt the
uroepithelial barrier, allowing crystals and bacteria
to penetrate deeper into the tissues. Additionally,
inflammation-induced tissue damage can lead
to the release of cellular debris, which can act
as nucleation sites for crystal formation. The
persistent presence of microbes and crystals can
perpetuate the inflammatory response, creating a
vicious cycle that exacerbates tissue damage and
stone formation.>

ogo E %Q

Recurrent infections

The presence of kidney stones and
associated biofilms provides a protected
environment where microbes can evade host
immune defences and antimicrobial treatments.
Biofilms, composed of bacterial cells embedded
in an extracellular matrix, create a physical barrier
that hinders the immune cells’ penetration and
antibiotics. This protective environment enables
the microbes to persist and potentially cause
recurrent infections. Moreover, the chronic
inflammation induced by microbial presence
and stone formation can contribute to the
cycle of recurrent infections. Inflammation
disrupts the uroepithelial barrier and can lead
to tissue damage, providing additional sites for
microbial attachment and biofilm formation.>* The
ongoing immune response, characterized by the
release of inflammatory mediators, can create an
environment conducive to microbial persistence.
The presence of bacteria in a protected biofilm
state makes them less susceptible to antibiotic
treatments.2637,53

Vs ?
; O @ N

Unstable
Zone

1. Supersaturation === 2. Nucleation

Metastable

4. Aggregation === 5. Stone Formation

Aggregation
Retention

Healthy individuals (crystals 20 um in size

Stone formers (crystals >20 um in size

Figure 1. The formation of stones through crystalline growth in the physicochemical process. Supersaturation is
when solutes exceed their solubility limit in a solution, a key factor for the formation of stone (Step 1). Nucleation,
where solutes cluster into microscopic particles, happens either homogeneously (extremely high supersaturation,
'unstable zone') or heterogeneously (lower supersaturation, 'metastable zone' with a surface requirement) (Step
2). Crystal growth follows the formation of a critical nucleus when exposed to highly concentrated urine (in the
'metastable zone'), permitting the migration of ions from the solution. (Step 3). Aggregation leads to larger particles
embedded in organic macromolecules, forming the stone matrix (proteins, carbohydrates, glycosaminoglycans,
lipids). Crystal growth also occurs in non-stone formers, with smaller crystals (€20 um) passing through the urinary
tract. Particles >20 um may cause obstruction, pain, or infections (step 4)
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Stone composition

Microbial biofilms, characterized by the
presence of microorganisms enclosed within
their self-generated extracellular matrix, have
the potential to act as a focal point for the
initiation and development of crystal formation.
The biofilm matrix composition, in conjunction

with the bacteria’s interactions with the urinary
environment, can impact the crystalline formations
that develop inside the biofilm. A hypothesis has
been put forth suggesting that the bacterial
polysaccharides found within the Proteus genus,
which encompass macromolecules containing
negatively charged residues, possess the capability

Table. Varieties of stones and infections attributed to associated microbial species

Infected
stones

Patients
Number

Stone Type

Microbial Type Ref.

Struvite; calcium 86 76%

oxalate; brushite

Calcium oxalate; 100 36

struvite

Calcium oxalate; 63 38%

struvite

Non-struvite 132 24

Calcium oxalate
(mixed)

Types of stones and infections caused by related microbial species

Mixed stones 25 25

Ca phosphate and 177 175

struvite crystals

(60%) monoculture

(40%) mixed culture

E. coli

Pseudomonas spp.

Proteus mirabilis

Klebsiella spp.
Pseudomonas spp.
Staphylococcus spp.

Yeast

(33%) E. coli (33%)

(7%) P. mirabilis

(3.7%) Pseudomonas aeruginosa
(3.7) Citrobacter freundii
(11%) Klebsiella spp.

(3%) Klebsiella pneumoniae

56

57

P. mirabilis (7% calcium oxalate;
86% struvite)

E. coli (53% calcium oxalate;
50% struvite)

(31.3%) E. coli

(28.1%) P. aeruginosa

(9.4%) P. mirabilis

(9.4%) Klebsiella pneumoniae
(6.3%) Enterobacter spp.
(3.1%) Serratia marcescens
(3.1%) Staphylococcus cohnii
(3.1%) Candida albicans
(3.1%) Citrobacter spp.
(80%) Gardnerella spp.
(100%) Pseudomonas spp.
(80%) Enterobacteria

E. coli,

Shigella spp.

Klebsiella spp.
Enterococcaceae

Proteus Sphingomonas

E. coli

Klebsiella pneumoniae
Klebsiella oxytoca

58

59

60

61

26
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to bind with Ca?* and Mg?* ions. This interaction
potentially leads to the accumulation of these ions
in the proximity of bacterial cells, consequently
expediting the crystallization process.*>*” Struvite
stones frequently exhibit an association with
urinary tract infections and are frequently
observed in persons who suffer from persistent

positive bacteria. In some cases, stones can be
composed of a mixture of different minerals. For
instance, infection-related stones may exhibit a
combination of struvite, carbonate apatite, and
other components.’ The biofilm’s matrix and the
urinary environment contribute to the formation
of these mixed stones. Table shows the type and

infections. Likewise, the elevation in pH levels stones and related microbial species infection.
caused by the enzymatic action of microorganisms
on urea might also facilitate the development
of carbonate apatite stones.!* These stones are
primarily made up of calcium phosphate and are

frequently observed in the presence of urease-

Diagnostic techniques for biofilms in Renal Calculi

Detecting biofilms in renal calculi
is essential for understanding the microbial
component of stone formation and developing

3. Crystal formation
with EPS

v

Ureolysis
_

2. Microbial growth

and EPS iroduction

1. Microbial Attachment

Planktonic bacteria

»<

PR

5.Infection stone

I{

Crystal

4. Microcolony
around pre-existing

Treatment
* Dissolution therapy
* ESWL

® Urine chemistry
manipulation

* Percutaneous
nephrolithotol
* Antimicrobials

-
Stone Fragments

and surviving
microbial cells

@/

Figure 2. Microorganisms and biofilms association in the formation of renal calculi Initially, a thin layer of urinary
constituents, such as ions, proteins, and polysaccharides, adheres to surfaces within the urinary tracts, creating
a foundation for the planktonic microorganism’s attachment. This process involves ureolysis, which raises urine
pH and generates ammonium ions (NH4+) in (step 1). Subsequently, microbial microcolonies emerge, and EPS is
produced. (Step 2) involves an increased level of pH, NH4+ concentration, and carbonate ions (CO,>), which will
lead to microcrystal formation. NH,* reacts with Mg," and PO,* ions to form struvite, while CO32- combines with
Ca2+ and PO43- ions to create carbapatite. In (step 3), crystals emerge within the EPS matrix and on the surface
of the biofilm, potentially causing microbial detachment into the urinary tract. (Step 4) encompasses the growth
of crystals and secondary nucleation occurring within the EPS matrix, with planktonic bacteria adhering to crystals
and forming microcolonies within biofilm-driven crystal structures. These processes are repeated, resulting in
the integration of crystals into the biofilm, and ultimately culminating in the development of infectious stones.
After treatment, stone fragments or viable cells might endure in the urinary tract, possibly leading to recurring
infections, continued biofilm growth, and additional biomineralization (step 5). One potential treatment option is
extracorporeal shock wave lithotripsy (ESWL)
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effective treatment strategies. Despite extensive
research spanning several decades, there is a
significant knowledge gap about the underlying
processes responsible for the development of
infection stones. A comprehensive comprehension
of the molecular processes involved in the genesis
and progression of renal calculi, as well as the
role of biofilms in the formation of stones and
the subsequent medical ramifications of these
findings, might prove to be of utmost importance
in the advancement of enhanced therapeutic
interventions. The use of tools and methodologies
in diverse fields such as chemistry, engineering,
mineralogy, and microbiology can be employed
to enhance comprehension of the interactions
between microorganisms that contribute to the
development of biofilms. Here are some of the
diagnostic methods commonly employed for renal
calculi biofilms research and understanding:

Microscopy techniques

Scanning Electron Microscopy (SEM)
provides high-resolution images of the surface
of renal stones, allowing visualization of biofilm
structures and microorganisms. It offers detailed
morphological information and can identify
the presence of biofilms on the stone’s surface.
Confocal Laser Scanning Microscopy (CLSM):
CLSM is employed to generate three-dimensional
images of biofilm structures within stone samples.
It employs fluorescent dyes to visualize biofilm
components, such as microorganisms and
extracellular matrix. SEM can help identify the
precise composition of a stone by visualizing the
crystal structures and patterns unique to each
type.%? SEM and FIB/SEM (Focused lon Beam/
Scanning Electron Microscope) techniques have
provided compelling evidence that the persistence
of microorganisms within renal calculi over
extended periods, will lead to biofilm formation.
These biofilms consist of a mucoid matrix with
diverse physiochemical microenvironments that
foster cooperative bacterial communities, as
highlighted in Didenko’s work in 2014. Bacterial
cells under a thick layer of matrix, friable and dense
perforated mucous formations were visualized
on the surface of 9 out of 19 kidney stones by
using a Quanta 200 3D microscope. Therefore,
the electron microscopic examination of kidney
stones demonstrated that microorganisms in

patients with KSD are able to form biofilms.**
In a specific study conducted in Cairo, Egypt, a
total of 54 kidney stones were carefully gathered
from both male and female patients from various
laboratories. Notably, these kidney stones were
found to harbour Nano-bacterial infections,
prompting a comprehensive SEM analysis. The
SEM images revealed intriguing insights: after
a 30-day incubation period, clusters of coccoid
nanobes and individual coccal nano-bacteria were
observed. Furthermore, transmission electron
microscopy unveiled the distinctive characteristics
of these nano-bacterial isolates, showcasing
their spherical coccoid morphology and robust
cell walls, which contributed to the formation of
mineral structures, as elucidated by Nora et al.®*
Moreover, these microscopic techniques were
employed for qualitative assessments of biofilm
production by the Nanobacterial isolates.

This holistic approach not only advances
our understanding of the persistent presence
of microorganisms within renal stones but
also sheds light on the complex dynamics of
biofilm development in this context, which could
have implications for clinical interventions and
treatment strategies. These high-resolution
microscopic methods have the advantage of
providing visual confirmation of biofilms’ presence
and their structure. It allows for precise spatial
information within the calculi. The limitation of
these microscopic methods requires specialized
equipment and expertise. Another constraint
of their approach is that they focused solely
on seeing the top of the biofilm, potentially
overlooking the underlying layers. The practical
use of very sensitive microscopic techniques in
the clinical domain is currently limited, as these
technologies are predominantly confined to
research laboratories. The SEM and CLSM are
typically associated with high costs, time-intensive
procedures, and limited accessibility within
conventional medical microbiology laboratories.

Molecular techniques

Detecting biofilms on kidney stones
requires a multifaceted approach that combines
molecular techniques with microscopy and other
methods. These molecular techniques can help
identify the specific microorganisms within
biofilms and provide valuable insights into their
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composition and behaviour. The identification
of specific bacteria within a diverse biofilm
community can be accomplished by employing
fluorescent in situ hybridization (FISH) probes.
The utilization of peptide nucleic acid FISH with
epifluorescence microscopy to identify certain
bacteria is a molecularly specialized technique
that has been implemented in a biofilm model.®
FISH involves using fluorescently labelled probes
that target specific microbial DNA or RNA
sequences within biofilms. This technique
allows for the identification and quantification
of microbial species. An advantage of employing
probes combined with horseradish peroxidase
is their capacity to prevent the destruction of
microorganisms within a biofilm. The FISH method
may be utilized to ascertain the growth rate of
microorganisms inside a biofilm. This is because
the ribosome quantity present in a microbe is
directly correlated to its growth activity. The
probe should be meticulously developed to
specifically target and identify the preserved
area of a solitary species.®®®’ The limitation of
FISH requires knowledge of target microbial
sequences and might not provide information on
biofilm structure and organization.®® Urea-splitting
bacteria in individuals with infection stones may
not always be reliably detected through traditional
stone or urine culture methods. In such cases,
the Polymerase Chain Reaction (PCR) emerges
as a promising alternative. PCR techniques
are employed for the purpose of identifying
pathogens through the amplification of nucleic
acid sequences that are specific to particular
species. Additionally, these techniques are utilized
for the detection of virulence factors by amplifying
target genes associated with virulence, such as
biofilm genes, using primers that are specific to
these genes. Importantly, PCR techniques enable
the detection of these genes even in cases where
the pathogen is present in the sample but cannot
be cultured. PCR is capable of identifying genetic
components contained within calculi and holds
significant potential as a valuable diagnostic tool
for this purpose.®® PCR amplifies specific microbial
DNA sequences, aiding in the identification
of microorganisms present in the stone. PCR
techniques, including conventional PCR, multiplex
PCR, and qualitative real-time PCR (qPCR) are
utilized for the detection of the biofilm-associated

genes in microorganisms. The resulting PCR
product is examined by visualization on an agarose
gel containing DNA-intercalating dye like ethidium
bromide when using conventional and multiplex
PCR protocols for gene detection. This visualization
step confirms the amplification and presence of
the target gene. The gPCR can provide information
about microbial load.**”® Molecular approaches
enable the detection of several components inside
bacterial nucleic acids, including, DNA, proteins,
surfactants, lipids, glycolipids, membrane vesicles,
and ions such as calcium. The advantages of using
these molecular techniques are high specificity for
microbial identification and can be used on both
surface and deeper layers of biofilms.”

Culturing techniques

Microbial culture is a crucial method in
the examination of kidney stone samples. This
process entails the cultivation and growth of
microorganisms from the samples on selective
media. Its primary objective is to identify viable
microorganisms present within the kidney stones
and assess their susceptibility to antibiotics. One
of the primary purposes of microbial culture is
to identify the types of microorganisms present
within kidney stones. By isolating and growing
these microorganisms on selective media, it
becomes possible to determine the specific
bacterial strains or fungi responsible for the
infection or stone formation.”? Microbial culture
allows for the quantification of microbial load
within the kidney stone samples.” Understanding
the extent of infection and its potential impact
on the patient’s health can make this information
essential. Culturing microorganisms from kidney
stones enables researchers and clinicians to assess
their antibiotic susceptibility.” This information is
critical for selecting the most effective antibiotics
for treatment and avoiding ineffective ones, thus
improving patient outcomes. By knowing which
microorganisms are causing the infection and their
antibiotic susceptibility, healthcare providers can
tailor antibiotic therapy to the specific pathogens
present.”>’* This targeted approach can lead to
more successful treatment and faster recovery.
Microbial culture also contributes to scientific
research and epidemiological studies related to
kidney stone infections.*” It helps in understanding
the prevalence of different microorganisms
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associated with stone formation, which can
inform preventive measures.”? In laboratory
settings, microbial culture is a quality control step
to ensure that the results obtained from kidney
stone samples are accurate and reliable. It helps
validate the presence or absence of particular
microorganisms or individuals with recurrent
kidney stones or complicated infections, microbial
culture results can guide long-term management
strategies and help healthcare providers monitor
the effectiveness of treatments over time.”?’®
This information is essential for both patient care
and scientific understanding of kidney stone-
related infections. Bacterial cultivation may be
performed directly from the stones. Between
1973 and the present, research in Asia and North
America has shown that bacteria may be detected
in approximately 15-70% of stones after clinical
culture.’®377276 The limitation of bacterial culture
is that culture may not capture all microorganisms
present in the calculi (non-culturable species),
and also does not provide insight into the biofilm
structure.

Metagenomics analysis

Identifying microbial species within a
sample is accomplished by sequencing the 16S
rRNA gene using the 16S rRNA Gene Sequencing
technique. Metagenomics analysis provides
a comprehensive view of microbial diversity
and community composition. Traditional
Microbiological methods typically involve the
cultivation of individual microorganisms in a
laboratory setting. Microbiologists isolate and
grow specific bacteria or fungi on agar plates,
making it possible to study them individually.
Metagenomics, on the other hand, focuses on
studying entire microbial communities in their
natural habitats without the need for isolating and
cultivating individual species. This approach allows
researchers to investigate the collective genetic
material of all microorganisms present, including
bacteria, viruses, archaea, and fungi.

For instance, in one investigation,
researchers employed 16S rRNA gene sequencing
to identify and assess the diversity of eubacteria
within metabolic stones containing calcium oxalate
(CaOx).”” Using 16S rRNA sequencing, another
study observed changes in the gut microbiota
composition in individuals with kidney stones.”

Additionally, a separate study uncovered that the
microbiome becomes encapsulated during in vivo
CaOx stone formation and may play an active and/
or passive role in influencing the biomineralization
of kidney stones.*

In a study conducted by Yuan et al.,
the investigators examined the relationship
between dietary patterns and gut microbial
communities in individuals, both with and
without kidney stones.” They employed 16S rRNA
sequencing as their research method. The findings
revealed that individuals in the high-risk stone
formation group exhibited a notable increase
in the abundance of certain microorganisms,
including Corynebacterium, Pseudomonas,
Stenotrophomonas, Sphingomonas, Slackiain,
Arcobacter, Hydrogenoanaerobacterium, and
Faecalitalea. The regulation of gut microbial
balance by dietary choices has the potential to
prevent and treat calcium oxalate stones. In a
recent investigation, a machine learning algorithm
was developed with the objective of forecasting
the probability of calcium oxalate kidney stone
occurrence. This was achieved by integrating
clinical data and gut microbiota characteristics.
The study had 180 participants total, researchers
heightened a total of 80 machine-learning
methodologies by analyzing gut and clinical
microbiome datasets obtained from 66 persons
without stones and 54 individuals diagnosed with
kidney stones. Through their analysis, the authors
successfully identified three bacterial species
(Flavobacterium, Rhodobacter, and Gordonia) that
are associated with kidney stone formation.®

Hence, the findings from metagenomic
analysis in renal stone biofilm research have
implications for understanding the role of microbial
communities in nephrolithiasis. Researchers can
explore how specific microorganisms or genetic
pathways may contribute to stone formation,
biofilm development, or clinical outcomes.

Immunofluorescence techniques
Immunofluorescence methods provide
high specificity and sensitivity for biofilm
detection, allowing researchers to visualize the
spatial distribution of specific biofilm components
or antigens. Immunofluorescence Staining: This
method uses antibodies labelled with fluorophores
to target specific biofilm components, such as
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microorganisms or extracellular matrix proteins. It
can provide information on biofilm composition and
is useful for visualizing specific biofilm components.
The utilization of immunofluorescence technology,
which relies on the specificity of the antigen-
antibody (Ag-Ab) interaction, has the capacity
to meet the stringent specificity demands of
clinical applications. Concurrently, the progressive
advancements in fluorescence labelling and
fluorescence detecting technology have
consistently enhanced the heightened sensitivity
to the technology of immunofluorescence. The
conventional method of bacterial culture, utilized
for the identification of bacterial species, is
susceptible to delays in diagnosis and antibiotic
treatment due to its time-consuming nature and
limited sensitivity. In recent times, a plethora
of novel detection techniques encompassing
immunological and molecular biology approaches
have been employed.®! An immunofluorescence
biosensor was developed by employing an optical
fiber probe. The device under consideration
effectively used the advantageous properties
of Ag-Ab specificity, fluorescence labeling, and
the efficient propagation of fluorescence signals
through an optical fiber. The surface of the
probe was deliberately rendered immobile with
the use of antibodies that selectively targeted
E. coli.®*® Quantum dots (QDs) exhibit notable
optical advantages that can enhance the intensity
and precision of fluorescence signal detection.
These advantages include high fluorescence
emission, extended lifetimes with exceptional
photostability, and substantial Stocks.?*
Researchers have successfully constructed
immunofluorescence-based biosensors utilizing
guantum dots for S. aureus detection. These
biosensors have the potential to be further
enhanced for the detection of various species,
hence enabling researchers to simultaneously
detect several species. One potential drawback of
Immunofluorescence approaches is the restricted
specificity of the antibodies now available, which
may result in incomplete capture of the full biofilm
structure.

Each of these diagnostic techniques has
its strengths and limitations, and a combination
of methods is often used to gain a more
comprehensive understanding of bacterial biofilms
in renal stones. Integrating information from

various techniques can provide valuable insights
into biofilm presence, composition, structure, and
spatial distribution, and contribute to a deeper
understanding of microorganisms’ role in kidney
stone pathogenesis.

Impact on Renal Calculi management and
treatment

The presence of bacterial biofilms in renal
calculi can significantly impact the management
and treatment of stones, as well as the potential
for recurrence. Gaining insight into the pivotal role
of biofilms in stone formation and their resilience
against conventional treatments is imperative for
the development of enhanced strategies. Here’s
an analysis of how biofilms influence treatment
approaches and stone recurrence:

Impact on treatment strategies
Antibiotic resistance

Renal stone-associated infections are
often chronic in nature. Bacteria residing within
biofilms exhibit greater resistance to antibiotic
agents when compared to their planktonic
counterparts. This robust resistance in biofilms
can be attributed to several key factors. First
and foremost, the extracellular polymer matrix
functions as a formidable physical barrier impeding
the penetration of antibiotics. This structural
shield reduces the antibiotic’s effectiveness
in reaching concealed bacteria within the
biofilm.8>% Furthermore, biofilm communities
exhibit the secretion of enzymes dedicated
to inactivating antibiotics. These enzymes are
upregulated through QS mechanisms, further
fortifying the biofilm’s resistance.® Within the
biofilm, phenotypic variations are also at play,
fostering the emergence of persister cells. These
cells, due to their suppressed metabolic activity,
inherently resist antibiotics. Another crucial
factor is the elevated expression of efflux pumps.
Within bacterial cells, these membrane-bound
transport proteins play a vital role in expelling
various toxic molecules, including antimicrobial
agents. This efflux mechanism significantly
contributes to antibiotic resistance within biofilms.
Additionally, antibiotic resistance genes of
horizontal gene transfer (HGT) play a crucial role
in the development of antimicrobial resistance
in biofilms.®2*° Detailed accounts of specific HGT
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instances and their role in antimicrobial resistance
within biofilms have been extensively documented
and reviewed in prior research studies.?>8%%
The protective matrix of extracellular polymeric
substances shields bacteria within the biofilm,
preventing effective penetration of antibiotics. The
presence of resistance might provide challenges
in the management of UTIls that are linked to
kidney stones. A new study has revealed that
individuals both children and adults, who undergo
treatment with certain oral antibiotics have a
notably increased susceptibility to kidney stone
formation, mostly attributed to the phenomenon
of antibiotic resistance.®>*® Biofilms show an
elevated resistance to antibiotic agents that is
found to be 10-100 times higher compared to the
planktonic cells.”>% This is the inaugural instance
in which these medications have been associated
with this particular ailment. The greatest significant
hazards were observed in individuals of younger
age groups and among patients who had more
recent exposure to antibiotics. The research team
utilized electronic health records obtained from
the United Kingdom, encompassing a population
of 13 million individuals, including both adults and
children who sought medical care from general
practitioners under The Health Improvement
Network. The data spanned a period from 1994
to 2015. The study involved the examination of
antibiotic exposure history in a cohort of over
26,000 individuals diagnosed with kidney stones,
in comparison to a control group including roughly
260,000 participants. The findings of the analysis
revealed a notable correlation between the
formation of kidney stones and the presence of
antibiotic resistance that had accumulated over
time.®?

Incomplete stone removal

Biofilms can coat the surface of stones
and be deeply embedded within their structure.
During surgical procedures like lithotripsy or
ureteroscopy, it can be challenging to completely
remove the biofilm-associated layers, leading
to recurrent infections and stone regrowth. If a
portion of the kidney stone is left behind after
treatment, it can continue to grow over time,
leading to the recurrence of symptoms and
the need for further intervention. Teichman

demonstrated a renal failure related mortality rate
was 2.9% more with incomplete stone clearance.®
Monitoring and follow-up may be necessary to
address any residual stones. Incomplete stone
removal can increase the risk of complications,
such as UTls or obstruction of the urinary tract.%
This increases the risk of UTls and can lead to more
severe complications, including pyelonephritis
(kidney infection). Biofilm-coated stones can result
in recurrent symptoms such as pain, fever, and
urinary symptoms.’® These recurrent symptoms
can be frustrating for patients and require further
evaluation and treatment. Biofilms can make
bacteria more antibiotic resistant and immune
system responses. This can complicate the UTI
treatment associated with residual stones,
requiring the use of more potent or longer
courses of antibiotics.>* The presence of biofilms
can lead to chronic inflammation in the urinary
tract, even in the absence of acute infections.
This ongoing inflammation can contribute to
discomfort and complications. Biofilms can act
as a protective barrier around stone fragments,
making it more challenging to fragment and
remove those using procedures like lithotripsy or
ureteroscopy.>*°® These complications may
require prompt medical attention and treatment
adjustments. The presence of residual stones may
require a modification in the treatment approach.
This could include using different techniques or
procedures to target and remove the remaining
stones effectively.

Limited effectiveness of antimicrobial agents
Biofilms can significantly decrease the
effectiveness of antibiotics in treating kidney
stones and associated UTIls. Conventional
antimicrobial agents might not effectively target
bacteria within biofilms. This ineffectiveness can
result in persistent infections, as even successful
eradication of planktonic bacteria (free-floating)
might not eliminate the bacteria protected within
biofilms. This lower metabolic rate can make
bacteria less susceptible to antibiotics that rely
on active cellular processes for their mechanisms
of action. This resistance can be both intrinsic
(related to biofilm structure and metabolic
changes) and acquired (resulting from genetic
mutations or horizontal gene transfer within the
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biofilm community). As a result, antibiotics that
may be effective against planktonic bacteria can be
less effective against biofilm-encased bacteria.”*®

Strategies for biofilm disruption

Biofilm development takes a significant
role in the pathogenicity of bacteria and resistance
to antibiotics, it is imperative to develop specific
solutions to address this issue. Based on prior
research findings, it has been observed that
antibiotics are more efficacious in treating
premature biofilms compared to mature biofilms.®
The selection of an appropriate antibiotic for the
treatment of biofilms should be based on both
sensitivity and the ability to effectively enter the
biofilm matrix.'® Previous investigations have
demonstrated that bacteria residing beneath
biofilms have a higher level of antibiotic resistance
compared to their planktonic components. Hence,
the utilization of combinatorial treatment is
considered more favourable compared to antibiotic
monotherapy.'® In addition, it is important to
provide antibiotics correctly in terms of dosage
and duration during the therapy.!®? Urease
producing bacteria have been seen to generate
crystalline biofilms. In addition, urease inhibitors
have been employed to hinder the breakdown
of urea, hence increasing the pH of P. mirabilis
in vitro. This pH elevation serves to reduce the
occurrence of encrustation.'®® Bacterial organisms
establish a close and symbiotic relationship with
the crystal layer, therefore shielding it from the
antibacterial properties shown by impregnated
chemicals. Hence, it is crucial to prevent the
reduction in urine pH and the consequent
crystallization in order to effectively inhibit the
growth of biofilm.'® A study demonstrated the
inhibitory effects of furanones on the growth
of S. epidermidis biofilm on urinary catheters in
animal models.® Additionally, the researchers
found that azithromycin effectively reduced QS-
dependent phenotypes in vitro. Recent research
has discovered that several natural substances
possess antibacterial activities by influencing
the phenotypes of QS.'* The utilization of non-
pathogenic bacteria, sometimes referred to as
bacterial interference or antagonisms, has been
shown to effectively inhibit the adherence and
production of biofilms by pathogens on the surface
of catheters.'®® The nanostructured metal ions and

their compounds possess notable antibacterial
properties, making them potentially effective
in addressing the issue of hazardous biofilms.
These solutions have potential applications not
only in the field of medicine but also in ecological
and industrial contexts.’®®%7 |n a recent study,
it was shown that the use of chitosan, a well-
known biopolymer known for its antibacterial
characteristics, may have the potential to eradicate
uropathogens and bacterial biofilms often
associated with kidney stones. In the context of
laboratory culture experiments, it was observed
that a minimal concentration of chitosan at a
mere 0.0001% (w/v) effectively impeded the
growth of planktonic forms of the commonly
occurring uropathogens found in individuals with
a predisposition to kidney stone formation. These
uropathogens include E. coli, Proteus mirabilis,
Klebsiella pneumoniae, and Staphylococcus
aureus.'%®

Impact on stone recurrence
Reservoir for infection

Biofilms have the potential to serve as
reservoirs for bacterial strains that are capable
of inducing recurrent urinary tract infections.
Despite receiving treatment for the original
infection, the presence of viable bacteria within
biofilms might result in subsequent infections,
hence contributing to the recurrence of stones.
A retrospective analysis examined a cohort of
120 individuals with recurrent UTls who had
undergone surgical extraction of stone. Recurrent
UTls were operationally defined as the occurrence
of three or more UTIs during a single calendar
year, or the occurrence of two or more UTIs
over the prior six-month period. A study found
that Group 1 did not exhibit any indications
of recurrent infection one year following the
removal of the stone, while Group 2 experienced
the development of recurrent infection.’® The
production of bacterial biofilms is a significant
virulence factor in uropathogens since it given
a crucial role in the persistence and recurrence
of infections.™® Infections that are linked to the
presence of kidney stones have the potential to
disseminate throughout the urinary tract, giving
rise to various problems, including pyelonephritis
(infection of the kidneys) and sepsis, both of which
possess the capacity to pose a significant risk to an
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individual’s life.’* A systematic review incorporated
a total of 17 publications, which collectively
provided substantial evidence supporting a
robust correlation between kidney stones and
the recurrence of UTls. The surgical extraction of
kidney stones typically leads to the cure of UTIs,
however, there are conflicting findings about the
rates of recurrence following surgery. In certain
instances, the presence of bacterial colonization
on stones has been found to elevate the likelihood
of severe sepsis.’” In essence, the presence of
kidney stone biofilms might function as reservoirs
for infection as a result of the capacity of bacteria
to cling to and construct defensive biofilms on the
uneven surface of kidney stones. A comprehensive
comprehension of the significance of biofilms in
infections connected to kidney stones is crucial in
order to ensure accurate diagnosis and efficient
treatment. Failure to effectively address these
infections can result in the development of serious
consequences.

Surgical complications

The existence of biofilms has the
potential to give rise to difficulties during surgical
procedures. There are three regularly employed
surgical techniques for kidney stone treatment,
which are selected based on factors such as
size and complexity. These procedures include
ureteroscopy with laser lithotripsy and/or basket
retrieval (URS), external shock-wave lithotripsy
(SWL), and percutaneous nephrolithotomy (PCNL).
Infection is the prevailing consequence subsequent
to PCNL, and research has demonstrated that the
prevalence of systemic inflammatory response
syndrome (SIRS) might reach up to 35% among
individuals afflicted with intricate stones.*?
Biofilm-associated stones might be harder to
fragment and remove, leading to incomplete
stone clearance and a higher risk of recurrence.
Manipulating kidney stones during surgery can
disrupt biofilms, releasing trapped microorganisms
into the urinary tract, potentially causing systemic
infection or spreading the infection to other parts
of the urinary system.'® The presence of biofilms
may require more time and care during surgery,
as surgeons may need to meticulously remove
biofilm-encrusted stones and associated debris,
which can prolong the surgical procedure.!?
Surgery on kidney stones with biofilms can

trigger a more significant inflammatory response
in the body due to the release of bacterial
components or toxins from disrupted biofilms.**?
In a prospective trial comprising 1666 instances
of kidney stone removal, the occurrence of
inflammatory sequelae was detected in 34.1%
of cases. However, in the group undergoing
PCNL, this prevalence was comparatively lower
at 24.6%. The contact ureterolithotripsy group
exhibited a complication incidence rate of 7.8%,
whereas the ureterolithoextraction group had a
lower rate of 2.5%.1* Surgical procedures may
be less effective if the underlying infection is
not adequately treated before or after surgery.
Aggressive surgical techniques or instruments used
to remove stones with biofilms may inadvertently
damage renal tissue, increasing the risk of
complications such as hemorrhage or impaired
kidney function. In a meta-analysis comparing
SWL and URS for kidney stones measuring 10
to 20 mm in size, URS vyielded superior SFR and
a reduced need for retreatment, all without a
concomitant rise in the rate of complications.'*®
Despite surgical removal, the presence of biofilm
remnants or released microorganisms can
lead to postoperative infections, which may
require prolonged antibiotic treatment and
additional medical interventions.!3> |n light
of these challenges, researchers and clinicians
are exploring innovative approaches to address
biofilm-associated kidney stones. Developing
targeted therapies that can penetrate biofilms
and disrupt their structure; Using advanced
imaging techniques to identify biofilm-associated
stones before treatment; Combining surgical
interventions with antibiofilm agents to enhance
stone clearance.

Therapeutic approaches and research directions

Developing novel therapies specifically
targeting biofilms is a promising research
direction. Enzymes, antimicrobial peptides, and
nanoparticles are being investigated for their
potential to disrupt biofilm matrices and increase
the efficacy of antibiotic treatments.

Protease enzymes

Bacterial biofilms frequently adhere to
surfaces, encompassing both living organisms
and non-living structures. They are composed
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of a mixture of proteins, polysaccharides, and
nucleic acids. Consequently, chemicals, such
as protease enzymes can disrupt any of these
components and have the ability to impede or
disturb the EPS matrix, potentially leading to the
disintegration of the biofilm. Protease enzymes like
bromelain, actinidin, papain, serratiopeptidase,
carboxypeptidase, proteinase K, a-amylase,
and trypsin have been documented to exhibit
inhibitory effects on dental biofilms, including both
single and multi-species biofilms.¢

Antimicrobial peptides

A study revealed that AMPs have
strong bactericidal properties against
Streptococcus pneumoniae and Clostridium
difficile.*¥” Furthermore, it demonstrates activity
against biofilms formed by MRSA and the
formation of biofilms involving other bacterial
species. The main focus of their action is on
bacterial membranes, exhibiting a wide range of
antibacterial properties, including a heightened
susceptibility to metabolically inactive bacteria
seen in biofilms.**® AMPs are frequently utilized
in conjugation with antibiotics and other anti-
agents for the purpose of combating biofilms.
In addition to their function as a vital element
of innate immunity, HDPs have the ability to
specifically target planktonic cells. Furthermore,
they exhibit both anti-biofilm properties and
immunomodulatory effects that are directed
towards the host. In their study, Cohen et al.
successfully synthesized complexes of antimicrobial
peptides with vancomycin by the use of coupling
chemistry. The researchers also demonstrated the
enhanced broad-spectrum antibacterial activity of
these complexes, surpassing that of vancomycin
alone, as shown in vitro. In a recent investigation,
Garvicin KS was found as a broad-spectrum
antimicrobial peptide (AMP) that is generated by
Lactobacillus garvieae.'*® The AMP demonstrated
bactericidal efficacy against a total of 240 strains,
encompassing 19 distinct species of gram positive
bacteria. Nonetheless, its efficacy against gram-
negative bacteria was reported to have some
limitations, as documented by Ovchinnikov.
Various synthetic AMPs, such as HB43, Bac8c, P18,
WMR, Omiganan, Polyphemusin, and Ranalexin,
have demonstrated efficacy in eradicating
S. aureus biofilms within catheters.'*®

Nanoparticles

Nanoparticles with antibacterial qualities
have the ability to effectively infiltrate biofilms
and directly administer antimicrobial drugs to
the targeted region. The field of nanotechnology
exhibits the potential to augment the effectiveness
of medical therapy and mitigating the issue of
resistance to antibiotics. The use of antimicrobial
nanoparticles as a potential alternative to
antibiotics is presently a prominent area of
interest within the field of medicine, displaying
encouraging potential. The functional properties of
nanomaterials are significantly influenced by their
micro-diameter. Nevertheless, it is worth noting
that a significant proportion of nanoparticles have
a tendency to form aggregates when suspended
in a solution. This propensity for aggregation has
the potential to restrict their effectiveness in the
context of photothermal treatment (PTT) and
photodynamic therapy (PDT). One viable strategy
for surmounting this obstacle involves employing
polymers, such as PEG and BSA, for the purpose of
both transporting the substances and facilitating
the requisite surface functionalization to augment
their dispersibility and biocompatibility.?'® The
efficacy of gallium (Ga)-based nanoparticles in
the eradication of biofilms has been investigated
in mice, with promising outcomes both in vivo
and in vitro methods. The efficacy of combating
resistant bacteria can be attributed to the Ga2L3
(bpy)2, and lipophilic Ga complex which exhibits
both Ga-induced disruption of iron metabolism
and ligand-induced generation of reactive oxygen
species (ROS).??° A novel protective coating
material utilizing a combination of graphene and
hydrogels has been presented. This unique coating
aims to serve as an effective anti-biofilm agent
by preventing the attachment of microbiological
organisms.'?! Recent studies have identified GO
films as potential biocompatible substrates for
bacterial adhesion?12

Quorum sensing inhibitors

The use of Quorum Sensing Inhibitors
(QSIs) for renal calculi biofilms is a developing
area of research with the capability to provide
innovative solutions for the treatment of kidney
stone-related biofilms. QSIs impede bacterial
intercellular communication and the process of
biofilm development. The objective of research
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in this field is to ascertain substances that possess
the ability to impede the signalling processes
responsible for facilitating the production of
biofilms. The efficiency of QSls in therapeutically
relevant bacterial biofilms has been thoroughly
assessed through the utilization of both in vitro
models and in vivo models. In the model of
mouse wound (Sham), the application of an RNAIII
inhibiting peptide resulted in a decrease in MRSA
biofilms. The investigation’s findings showed that
methanol extracts obtained from burdock roots
(BR) did not demonstrate bactericidal activity
(p > 0.05) against the uropathogens. However,
the same extracts did demonstrate a significant
inhibitory effect on biofilms (p < 0.05) formed
on polystyrene and surfaces of glass, with 100
pug/mL of biofilm inhibitory concentration.
The extracts derived from BR were found to
have inhibitory effects on cellular phenotypes
regulated by QS, including the production of
violacein and prodigiosin, swarming motility,
and cell surface hydrophobicity (Rajshekharan).
Over the past few years, there has been a
growing fascination with the potential of various
medicinal plants, such as Syzygium aromaticum,
Mentha piperita, Jasminum sambac, Rosmarinus
officinalis, Ocimum sanctum, Lilium brownii, and
others, to exhibit anti-quorum sensing properties.
Peptides containing tryptophan were shown to
disrupt the Pseudomonas quorum sensing system,
resulting in the inhibition of biofilm formation,
virulence factor synthesis, and accumulation
of EPS. Disrupting the signalling transductions
among microorganisms. The use of strategies that
disrupt signalling pathways connected with QS in
order to inhibit the gene expression associated
with the formation of biofilm, is regarded as
a recommended method. Numerous prior
investigations have shown the acknowledged
association between the modulation of QS and
the alteration of genetic variants and bacterial
transcriptomes. Ascorbic acid is a further chemical
that possesses the advantageous qualities of being
harmless to people, cost-effective, and readily
accessible, while also demonstrating the capability
to interfere with the QS mechanism. The ability of
ascorbic acid to control the generation of reactive
oxygen species led to an additional decrease
in QS after the effector molecules underwent
alkaline hydrolysis. The individual identified as

Shivaprasad. The category of anti-diabetic drugs
known as gliptins was evaluated for their anti-QS
properties. It is worth mentioning that sitagliptin
has been demonstrated to effectively decrease the
expression of autoinducer synthetase genes in S.
aureus, Serratia marcescens, and P. aeruginosa.
This, in turn, leads to the inhibition of QS
receptors, resulting in reduced biofilm formation
and diminished expression of virulence factors.

Combination therapies

Combining traditional antibiotics
with biofilm-disrupting agents might enhance
treatment outcomes. This approach could be
particularly beneficial in cases where biofilms are
present. Broad-spectrum antibiotics can be used
in combination to target a wider range of bacteria
within the biofilm. Antibiotics that penetrate the
biofilm matrix effectively, such as tobramycin,
may be used alongside standard antibiotics like
amoxicillin or ciprofloxacin. Multiple studies
advocate for the utilization of combination
therapy as the preferred approach in managing
infections linked with biofilms, wherein macrolides
are frequently among the initial antibiotics
selected. Macrolides, including clarithromycin,
erythromycin, and azithromycin, have significant
antibiofilm efficacy against biofilm-related
illnesses caused by Gram-negative bacteria.

CONCLUSION AND FUTURE PERSPECTIVES

In conclusion, the study of bacterial
biofilms in the context of renal calculi has
illuminated a previously understudied aspect of
stone formation and urinary tract health. Biofilms,
complex communities of microorganisms encased
within a protective matrix, have been identified in
kidney stones and are suspected to play a crucial
role in stone pathogenesis. Emerging evidence
suggests that bacterial biofilms are frequently
associated with renal calculi, contributing to their
formation, growth, and recurrence. The interaction
between biofilms and stone formation has
important implications for patient management,
treatment strategies, and stone recurrence.
Biofilms can render stones more resistant to
treatment and may contribute to chronic urinary
tract infections, exacerbating kidney stone
formation and patient discomfort. Detecting
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biofilm-associated infections in renal calculi
presents diagnostic challenges; conventional
methods, such as urine cultures, might not
effectively identify the presence of biofilm-
associated bacteria. Newer diagnostic techniques,
including molecular assays and imaging modalities,
are being explored to improve the accuracy of
detection.

Addressing recurrent renal calculi
infections associated with bacterial biofilms
requires innovative therapeutic strategies.
Approaches include the development of biofilm-
disrupting agents, combination therapies
targeting both the biofilm and the underlying
stone, and interventions to modulate the host
immune response. The use of protease enzymes,
antimicrobial peptides, and nanoparticles shows
promising results in disrupting biofilm matrices
and enhancing treatment efficacy. Additionally,
exploring the use of quorum sensing inhibitors
and immunomodulatory agents may provide
new avenues for disrupting biofilm formation
and reducing the risk of recurrence. Personalized
treatment plans that account for the biofilm’s
unique characteristics and the patient’s medical
history hold promise in improving treatment
outcomes.

Additionally, developing effective
preventive strategies is essential. Nutritional
and lifestyle interventions can lower the risk of
stone formation, while maintaining good urinary
tract health may prevent biofilm development.
Exploring the potential of immunomodulators
and bacteriophages as therapies against biofilms
associated with renal calculi could hold promise.
Further research is required to understand their
safety and efficacy. Enhanced imaging methods
can assist in identifying and characterizing biofilms
inside kidney stones, guiding treatment decisions
and monitoring effectiveness.

Kidney stone disease often requires long-
term management and monitoring to prevent
recurrence. Raising awareness about kidney stone
risk factors, early symptoms, and the importance
of timely medical attention is crucial for reducing
the burden of stone-related complications.
Collaboration among urologists, nephrologists,
microbiologists, and biofilm researchers is
essential to advance our understanding of the

interplay between biofilms and renal calculi and
to develop effective treatment strategies.
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