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Advances in experimental bladder models:
bridging the gap between in vitro and in vivo
approaches for investigating urinary tract
infections
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Abstract

Urinary tract infections (UTls) pose a substantial burden on global healthcare systems. When unraveling the
complex pathophysiology of UTls, bladder models are used to understand complex and multifaceted interactions
between different components within the system. This review aimed to bridge the gap between in vitro and in
vivo experimental bladder models towards UTI research. We reviewed clinical, animal, and analytical studies and
patents from 1959 to the end of 2023. Both in vivo and in vitro models offer unique benefits and drawbacks in
understanding UTls. In vitro models provide controlled environments for studying specific aspects of UTI biology
and testing potential treatments, while in vivo models offer insights into how UTls manifest and progress within
living organisms. Thus, both types of models are leading to the development of more effective diagnostic tools
and therapeutic interventions against UTls. Moreover, advanced methodologies involving three-dimensional
bladder organoids have also been used to study bladder biology, model bladder-related disorders, and explore
new treatments for bladder cancers, UTls, and urinary incontinence. Narrowing the distance between fundamental
scientific research and practical medical applications, these pioneering models hold the key to unlocking new
avenues for the development of personalized diagnostics, precision medicine, and ultimately, the alleviation of UTI-
related morbidity worldwide.

Keywords Urinary tract infections (UTls), Bladder model, In vitro, In vivo, Organoids

*Correspondence:

Ayomi Dilhari

ayomidil@sjp.ac.lk

'Department of Microbiology, Faculty of Medical Sciences, University of
Sri Jayewardenepura, Nugegoda, Sri Lanka

Department of Basic Sciences, Faculty of Allied Health Sciences,
University of Sri Jayewardenepura, Nugegoda, Sri Lanka

3Bristol Dental School, University of Bristol, Bristol, UK

© The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0
International License, which permits any non-commercial use, sharing, distribution and reproduction in any medium or format, as long as you
give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and indicate if you modified the

licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation
or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://orcid.org/0000-0002-3636-9067
http://orcid.org/0000-0002-8258-9976
http://orcid.org/0000-0003-3304-9110
http://orcid.org/0000-0002-8194-2205
http://crossmark.crossref.org/dialog/?doi=10.1186/s12894-024-01590-w&domain=pdf&date_stamp=2024-9-20

Nissanka et al. BMC Urology (2024) 24:206

Background

Urinary tract infections (UTIs) are caused by microbial
invasion of the genitourinary tract which extends from
the renal cortex of the kidney to the urethral meatus
[1]. UTI typically begins as a bladder infection (cystitis),
however, it can progress to an acute kidney infection
(pyelonephritis), which can lead to renal failure [2]. Com-
plicated UTIs could result in serious complications such
as urosepsis [3].

UTIs account for an estimated 25-40% of nosocomial
infections in developing countries [4]. Approximately
25% of patients experience repeated infections within six
months following the original episode, indicating a high
recurrence [5]. Although seldom fatal [6, 7], UTIs are a
debilitating disease for a significant percentage of female
population and pose a significant health risk to persons
with underlying medical conditions like diabetes mellitus
[7]. Further, there are significant socio-economic conse-
quences from the numerous UTI sequelae, including sep-
sis in the elderly, premature delivery in pregnant women,
and renal scarring in youngsters [8].

Although human urinary tract was thought to be a ster-
ile system until a decade ago, scientists have discovered
and confirmed the existence of microorganisms (bac-
teria, viruses, fungi etc.) in the healthy human urinary
tract by characterizing microbiome using metagenomics
[118]. Despite these recent advancements, little is known
about the bladder, urethra, and urinary microbiome
(urobiome), which may contribute to urological diseases
and UTIs [119]. The term “urobiome” collectively refer
to both the microbiome and microbiota of the urinary
tract [118]. It has been discovered that the urobiome, is
composed not only bacteria but also a range of viruses,
including bacteriophages and eukaryotic viruses [119].

It is known that around 5% of UTIs lead to complicated
UTTIs [120]. Urinary catheters are placed in approximately
a quarter of all hospitalized patients during their hospital
stay [9, 10]. More than 80% of UTIs are due to insertion
of catheters [10]. Multiple medical problems, including
catheter encrustation, bladder stones, septicemia, endo-
toxic shock and pyelonephritis, can result from catheter
associated urinary tract infections (CAUTIs) [11]. The
intricate interplay between bacterial pathogens and the
host bladder environment is important in understand-
ing the pathogenesis of UTIs [12]. To this end, bladder
models serve as indispensable tools, offering researchers
a window into the complex dynamics of UTIs at various
levels of biological organization.

Urinary bladder models are representations or simu-
lations designed to study the structure, function, and
behavior of the bladder [13]. Various models have been
developed to aid in the understanding of the bladder’s
complex physiology and to explore different aspects
of urinary bladder-related research [14]. Applications
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of urinary bladder models include research in urology,
physiology, urobiome, pharmacology, and the develop-
ment of medical devices and treatments for conditions
such as urinary incontinence, bladder cancer, and UTIs
[15, 16].

Bladder models are designed as in vitro and in vivo
tools to investigate UTIs [7, 17]. Scientists’ inventiveness
has produced a variety of in vitro models, each specifi-
cally designed to study the formation of biofilms by spe-
cific bacteria in specific settings [18, 19]. Many in vivo
models were rapidly developed as a result of the suc-
cess of in vitro models as well as their drawbacks, most
notably their inability to accurately represent the host
environment. Even though animal models have been
designed to study UTI, the conditions that exist dur-
ing human infection are different from those in animal
models in terms of urine composition, residual urine in
the human bladder, and constant flow of urine via the
catheter [20]. It is one of the notable drawbacks associ-
ated with the utilization of in vivo bladder models. Vari-
ous models inherently come with specific strengths and
limitations, with some proving more apt for particular
applications than others. The choice and establishment
of an optimal model system is challenging and involve a
thoughtful evaluation of researchers’ preferences, practi-
cal considerations, and objective criteria [21].

This review comprehensively assessed diverse meth-
odologies utilized in scientific research, emphasizing
the distinctive features, practical utility, and inherent
constraints associated with these models. A thorough
exploration of different bladder model techniques pro-
vides valuable insights into the selection, application, and
interpretation of these model systems, ultimately con-
tributing to a more nuanced and informed approach to
experimental design and data interpretation within the
scientific community.

In vivo bladder models

Overview of animal models for studying UTls

Small animal models (i.e.: rodents) are often employed to
study the entire urinary tract, including the bladder [20].
Similarly to humans, animals also respond to infections
and are used as models for research purposes [22]. These
animals are easy to handle, accessible to multiple inves-
tigations, survive long enough to acquire the illness, suit
the existing facilities for housing animals, are sufficiently
massive to yield a large number of samples and be mul-
tiparous in order to yield many animals for each gestation
[23]. Animals including cat, dog have been used as mod-
els to understand the composition, function, and role of
the urobiome in health and disease (Table 1) [121, 122].
By introducing uropathogens into the bladder and moni-
toring the infection process, the host-pathogen interac-
tions, bacterial colonization, and immune responses
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Table 1 Comparison of different in vivo bladder models
Model Animal Organism/s Study objectives Results Remarks Ref
used in the
model
Murine  Mouse UPEC To optimize a mouse - Bacterial loads in the bladder increased from 1 h Flexible to study vari- [7]

model

Mice

Mice

Mice

Mice

Mice

Rat

Rabbit
model

Rabbit

UPEC

UPEC

Enterococcus
faecalis

Klebsiella
pneumonia

Pseudo-
monas
aeruginosa

Proteus
mirabilis

Escherichia
coli

model and validate
microscopic methods for
investigating host-patho-
gen relationships and
disease development

To develop a method al-
lowing direct comparison
of female and male im-
mune responses to UTI.

To study the effect of
antibiotics in vivo, against
pyelonephritis

To study the pathophysi-
ology of E. faecalis-medi-
ated CAUTIs

To study the role of type

1 and type 3 fimbriae on
the colonization of silicon
tubes, inserted into the
bladders of mice

To understand the role
of quorum sensing in the
pathogenesis of UTIs.

To establish an improved
urolithiasis model

To evaluate the efficacy of
fleroxacin, trimethoprim-
sulfamethoxazole, ampi-
cillin and gentamicin in
the treatments of CAUTI
and Bacteriuria in the
rabbit model

after infection.
« Nearly 50% of bacteria in the bladder were within
an intracellular niche.

« After 24 h post-infection bacterial burden between
male and female mice was equal.

« A significant increase in the number of immune
cells of infected female mice was observed.

« No difference in the number of immune cells pres-
ent in naive animals of female and male mice.

+ Among the UPEC strains studied, C175-94 strain
was significantly high in the kidney tissues.

« Cefuroxime concentration in urine was nearly 100-
fold higher than that in serum.

- Gentamicin was detectable in urine for a prolonged
period, due to the accumulation in kidney tubular
cells.

« The presence of silicone catheter tubing in the
murine bladder elicited histopathological and im-
munological changes.

« E. faecalis formed biofilms on silicone implants and
persisted at high titers in the kidneys and bladders of
the implanted mice.

« K. pneumoniae type 1 and type 3 fimbriae are
required for colonization and persistence in the
implanted silicon tubes.

- Quorum-sensing signals are critical for P. aeruginosa
proliferation and pathogenicity during a UTI, and
they may function as virulence factors.

- Following implanting a zinc disc in the rat bladder
(after 5 days), infectious stones were formed, and
progressively developed.

+No change in Blood urea nitrogen values in all test
animals.

+ MgNH,PO,-6H,0 was the primary struvite.

« E. coliwas eliminated from the internal and external
surfaces of the catheters by genatamicin, fleroxacin,
and ampicillin.

- Trimethoprim-sulfamethoxazole was not effective in
eradicating bacteria from the surfaces of catheters.

ous bacterial strains
including uropatho-
gens, across a broad
spectrum of mouse
genetic backgrounds
Feasible to identify
host-pathogen inter-
actions to determine
the outcome of
infections

Workable to study
UTl and other
bladder-associated
diseases including
prostatitis, bladder
cancer, interstitial
cystitis and under or
over-active bladder
syndrome

Feasible to study the
effect of antibiot-
ics on the urinary
system.

A valuable tool to
identify virulence de-
terminants in order
to target antimicrobi-
als against entero-
coccal infections.

Feasible for studying
the role of virulence
determinants on the
formation of biofilms
in CAUTIs.

Feasible for studying
the role of virulence
determinants in the
pathogenesis of UTls.

Possible to study
the formation of
infectious stones by
introducing a foreign
object into the
bladder.

Feasible to study the

efficacy of antimicro-
bials against CAUTIs.
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Table 1 (continued)
Model Animal Organism/s Study objectives Results Remarks Ref
used in the
model

Porcine Pig UPEC To establish a porcrine - After inoculation with UPEC, significant bacteriuria A useful tool [24]
model model (a novel large persisted in the Porcrine bladder for prolonged (a large animal

animal infection model) periods. model) to study UTI

of cystitis to understand - Elevated levels of Granulocytes throughout the pathogenesis.

the pathogenesis of UPEC experiment were observed due to the progression of

in the urinary tract. inflammatory response in infected pigs.
Cat Cat - To compare differ- « Cats with kidney stones had less diverse gut Feasibe to study [122]
model encesin gutand urinary  microbiota, further reduced by antibiotic treatment  impact of urobiome

microbiota between cats in both groups. on various disease

with kidney stones and « The urinary microbiota in cats with kidney stones states

healthy cats. Further to was more diverse and rich compared to healthy cats.

evaluate the impact of an - Lack of specific gut bacteria may contribute

antibiotic on microbiota  to kidney stone formation by hindering oxalate

in both groups, and as- degradation.

sess the role of specific

intestinal bacteria in the

formation of calcium

oxalate stones
Canine Dog - To compare the urine and - The urine of dogs with urothelial carcinoma showed Usefulness of dogs as  [122]
model fecal microbiota of dogs  a significantly lower microbial diversity (a diversity), — a model for studies

with urothelial carcinoma
to healthy controls. Fur-
ther to assess microbial
diversity, composition,
and explore similarities
between canine and
human bladder cancer
microbiota

and altered microbial composition (B) diversity (with
increased Fusobacterium) than healthy dogs, but not
in fecal samples

- The taxa found in canine urine and fecal samples
were similar to those observed in humans with blad-
der cancer

- Similar bacterial groups or species were found in
the urine microbiota of both dogs and humans

on bladder cancer
and urine microbiota

can be closely observed. These models provide a useful
platform to delve into the molecular and cellular mecha-
nisms underlying UTI pathogenesis [24] including bacte-
rial adherence, urothelial invasion, evading host defenses,
and establishment of infections. Further, these bladder
models serve as a testing ground for evaluating the effi-
cacy of novel antimicrobial compounds [25] to assess the
ability of these agents to combat bacterial colonization,
reduce inflammation, and promote bacterial clearance
within the urinary tract.

History of animals in UTI Research
As early as the late 19th century, animals were cru-
cial for biological scientific research that advanced our
knowledge of human physiology and disorders. The first
record of bladder infection in animals dates back to 1873
when Fels and Ritter used urethral ligation to inoculate
canine bladders and cause cystitis [26]. Satoh et al. (1984)
described implanting a zinc disc in the bladder of rats
and transvesical inoculation with P. mirabilis. This model
was utilized to illustrate the significance of matrix pro-
duction and biofilm formation in the emergence of UTIs
[27].

Utilizing animals for biomedical research and edu-
cation peaked, after the middle of the 20th century in

USA and UK [28]. Animal models enabled researchers
to study UTI pathogenesis including virulence factors of
the pathogens, host immunological responses, and bac-
terial colonization [29]. Further, the effectiveness of dif-
ferent catheter coatings (i.e.: Gendine silicone coating
[30], silver hydrogel-coating [30], silver coating [114]) in
preventing UTIs has also been investigated using animal
models [30]. However, it dropped sharply until the early
21st century [28]. Once again, annual increases have been
observed (in the UK) due to the use of genetically modi-
fied animal technologies [28]. Furthermore, in the 20th
and 21st centuries, the research studies gradually shifted
from traditionally larger and more sensitive species (i.e.:
dogs, cats, non-human primates, etc.) to smaller, less
sensitive species (i.e.: fish, mice, and rats) [28]. It was
found that innovative technologies can yield multifac-
eted results that decrease the annual use of animals in
biomedical research [28]. Further, the identification and
integration of non-animal alternatives replaced animal
use for specific research and product development [28].

Available in vivo models

From a translational research standpoint, the selection of
study species needs to be predicated on how closely the
medical disorders under investigation resemble those
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found in the human body. A model that gives anatomic,
urodynamic, pathophysiological, histological, and bio-
chemical values as close to those of humans as feasible
would be ideal [31] (Table 1).

Non-human primates

“Non-human primates” refer to any primate species
other than humans, including apes (i.e.: chimpanzees,
bonobos, gorillas, and orangutans) as well as monkeys
(i.e.: macaques, baboons, and marmosets) [32]. They rep-
resent the closest anatomical analogy, with two excep-
tions. Their left kidney is located lower in the abdomen
than that of humans, and they have uni papillary kidneys
[31]. However, a few experimental UTI studies involving
non-human primates have been conducted thus far due
to financial constraints and ethical issues [33]. Further,
preclinical studies using primates evaluate the safety and
effectiveness of potential medications and vaccines (i.e.:
AIDSVAX [34], Flosint [34], Opren [115]).

Pigs

Recently, porcine species have been the most commonly
utilized animal model for the assessment of UTIs [35].
Researchers have studied the range of host responses
to pyelonephritis and the onset of renal scarring that
can result from UTI using porcine infection models
[29]. The anatomical structures of the urinary tract of
humans are quite similar to those of pigs [29]. Compared
to human ureters, porcine ureters are often longer and
more twisted [36]. Human kidneys typically have four to
eighteen papillae, whereas pigs have eight to twelve [37].
Furthermore, in terms of renal physiology, pigs’ maxi-
mal urine concentration, glomerular filtration rate, and
total renal blood flow are comparable to those of humans
[38]. Interventions should ideally be performed on mod-
els weighing 35-40 kg because the urinary tract dimen-
sions of such models are comparable to those of an adult
human [39]. Accessibility, low cost and readily available
tissue samples were further benefits of porcine models
while preparation of physiological solutions, anesthesia,
and extensive laboratory spaces are possible drawbacks
[20].

Rats

Rats are often employed as in vivo models in bladder
research due to their structural and physiological par-
allels to humans, which makes them useful for investi-
gating a variety of bladder functions and diseases. The
urinary bladders of rats and humans contain predomi-
nantly desmin intermediate filaments [40].

In 1995, Haraoka et al. implanted glass beads coated
with bacterial biofilms into the bladder, which was fol-
lowed by urethral clamping in order to simulate a renal
infection in rats [41]. Recently, a non-surgical method
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was developed using rats and mice, in which the bladder
is transurethrally opened to insert a polyethylene tube
without any surgical manipulation [42]. According to
Kadurugamuwa et al. (2015), the bladder can be inocu-
lated with a particular quantity of bacteria once a sterile
segment of the tube has been implanted, or the poly-
ethylene tube can be colonized with pathogens before
implantation [43]. Furthermore, the rat model is use-
ful for analyzing the antibacterial and anti-encrustation
capabilities of novel stents because it allows for the con-
trolled experimental induction of urolithiasis and UTIs
[44]. These in vivo models are induced by the intravesical
instillation of bacterial suspensions, (i.e.:S. aureus, E. fae-
calis, and P. aeruginosa) [45]. The validation of ureteral
and urethral stents is usually done using these animals.
Cystotomies are performed in the ureter or bladder to
implant ureteric stents [46].

Rabbits
Rabbits also have characteristics similar to humans that
make them appropriate for some bladder research appli-
cations. Rabbits’ urinary tract autonomic receptor dis-
tribution and their reaction to particular autonomic
receptor stimulation are similar to those of humans [47].
However, rabbits are less frequently employed than rats.
In 1994, Bill Costerton created a catheterized rabbit
model to investigate CAUTIs, which was then utilized to
assess the impact of different antibiotics on E. coli bio-
films that formed on these catheters and surrounding
tissues [48]. Further, research has been done on rabbits
to examine the biocompatibility of stent materials (31).
However, due to the notable differences in urine compo-
sition between rabbits and humans, there is a dearth of
scientific data discussing the validation of urinary stents
in this animal model [49]. The use of the rabbit model
has drawbacks such as the animals’ comparatively bigger
size, the increased care required during breeding, and the
frequent occurrence of bladder stones as a result of the
animals’ inactivity in the cage or their inadequacy in hav-
ing a proper toilet area [20]. However, the rabbit model
can be used for a variety of in vitro and in vivo studies on
Urinary bladder function [20].

Mice

In scientific research, the use of mice as bladder mod-
els is a frequent and useful method for studying UTIs.
Mice share similarities in the anatomy and physiology of
the urinary tract (including kidney, bladder and urethra)
with humans [50]. Unlike other rodent models, mice do
not naturally have vesicoureteral reflux which is similar
to humans [51, 52]. Further similar to humans, in mice
urothelial cells have more globoseries glycolipid recep-
tors available for attachment [35]. Although there are
differences, these similarities make mice suitable models
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for studying certain aspects of UTIs. Mice are useful for
large-scale research studies since they are cost-effective
and of a manageable size for handling. Further, they can
be housed in controlled environments, and their small
size allows researchers to use fewer resources compared
to larger animal models [53]. Mice can be genetically
modified to replicate specific conditions or susceptibili-
ties to infections (53) which allows researchers to study
the impact of genetic factors on the development and
progression of UTIs. UTIs can be induced in mice by
introducing uropathogenic bacteria into their urinary
tracts using various methods, including catheterization
or direct injection, allowing researchers to control the
timing and nature of the infection [54]. Researchers can
easily monitor the progression of UTIs in mice and col-
lect samples for analysis. This includes assessing bacterial
load, studying the histopathological changes in the blad-
der tissue, and evaluating the effectiveness of potential
treatments [54]. While mice provide valuable insights
into UTIs, it’s important to acknowledge the limitations
of using mice for in vivo studies. Some aspects of mouse
physiology (i.e. urodynamics), may differ from humans.
Further immunological aspects such as balance of leuko-
cyte subsets, Toll receptors, Ig subsets, the B cell (BLNK,
Btk, and A5) and T cell (ZAP70 and common y-chain)
signaling pathway components, Thy-1, y§ T cells, cyto-
kines and cytokine receptors, Th1/Th2 differentiation in
mice cannot be directly extrapolated to humans [54, 55].
Further, a difference was found in the bacterial load for
mice and human in causing UTL In humans, a signifi-
cant microbial colony counts with >10° microorganisms
per ml of urine with the presence of at least one of the
signs or symptoms (i.e.; fever (38°C), urgency, frequency,
dysuria, or suprapubic tenderness) was diagnosed as UTI
[56]. However, as reported by previous studies, a bacterial
load exceeding 10* CFU/bladder is generally sufficient
to cause an infection in the murine bladder [2, 57]. The
immune system of mice may respond differently to bacte-
rial invasion compared to humans (i.e.. TLR11 [54-58],
TLR9 [55], B cell CD5 and CD23 expression [55]), poten-
tially requiring a different threshold of bacterial load to
trigger a UTI [54, 55].

Some strains of mice including BALB/c mice [59], DDD
[60], C3H/HeN [61], C3H/HeJ [61], DBA/2J [61], CBA/]
[61] AKR/J [61], H5RII [62] and CP9 [62] were identified
to have vesicourethral reflux, where urine flows back-
ward from the bladder into the ureters or kidneys [62].
Johnson and Brown (1996) experimented to eliminate the
vesicourethral reflux of H5RIl and CP9 mice by reducing
the infusion rate, inoculum volume (25 pl), by using less
traumatic methods for euthanasia and organ harvest [62].

Therefore, while our murine model provides valu-
able insights into the mechanisms of UTI pathogenesis,
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translating these findings to human infections requires
careful consideration of these interspecies differences.

Hence, researchers often integrate data from mice
studies, other animal models, and clinical studies, to gain
a comprehensive understanding of UTIs [29, 35].

Comparative analysis of different in vivo bladder models

Ethical considerations and challenges in working with in
vivo models

Utilizing in vivo models in scientific study is essential to
comprehending intricate biological processes, validating
theories, and expanding our understanding of medicine
[67]. However, there are important ethical issues and
constraints that researchers must address when incorpo-
rating in vivo models into experimental studies [68]. The
ethical implications of using live materials for research
must be carefully considered as we dive deeper into the
complex field of in vivo research. Considerations of ethics
have been a major topic of discussion in the controversy
surrounding animal experiments.

In response to ethical concerns, regulations and over-
sight mechanisms were implemented to ensure the
humane treatment of animals in research. The first ani-
mal welfare laws were enacted by the British parliament
in the 19th century, with subsequent legislation and
guidelines providing further protections for animals used
in research [69].

One of the earliest animal welfare laws, the Cruelty to
Animals Act 1835, was enacted in the United Kingdom,
primarily aiming to address cruelty to domestic animals
but laid the groundwork for future legislation by recog-
nizing the moral obligation to prevent unnecessary suf-
fering in animals [69].

In the 20th century, the principles of the 3Rs in ani-
mal research: Replacement, Reduction, and Refinement
emerged from ethical considerations, aiming to minimize
the use of animals and reduce their suffering in scientific
experimentation. The principle of the 3Rs also originated
from the United Kingdom and was introduced by Russel
and Burch in 1959 [70]. Each R represents a moral pre-
cept about the use of animals in research: Reduction is
the use of techniques that permit the use of fewer ani-
mals in a protocol. Refinement is the use of techniques
that prevent animal suffering, such as using analgesic
regimens for pain relief during recovery and anesthesia
during procedures, using non-invasive methods, creating
safe and comfortable housing environments, and teach-
ing animals to cooperate with procedures. Replacement
involves using alternative models in place of animals,
such as cell cultures, microbes, or other invertebrates
[68-70].

Although in vivo testing is mandatory to answer cer-
tain research questions specialized technical skills are
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required when conducting research with these living
creatures. This includes tasks such as proper adminis-
tration of substances, surgical procedures, and monitor-
ing physiological parameters [71]. In order to investigate
certain research problems, scientists frequently use par-
ticular in vivo models, such as distinct animal strains or
genetically modified species [72]. Nevertheless, obtain-
ing and maintaining these models might be challeng-
ing. A substantial amount of effort and money must be
dedicated to in vivo research projects. Ongoing financial
assistance is necessary to maintain animal communi-
ties, provide appropriate housing, and guarantee ethi-
cal treatments [73]. The expense is further increased by
the requirement for specialized facilities, equipment,
and staff with the necessary training [20]. In vivo stud-
ies, especially those that involve long-term monitoring
or the study of developmental processes can extend over
prolonged periods [74]. A constraint may be the amount
of time needed to track physiological changes, treatment
responses, or the emergence of particular circumstances,
particularly when prompt outcomes are desired. Animals
used as in vivo models frequently exhibit genetic and
physiological variations from humans. These differences
may affect how the organisms react to interventions or
treatments during experiments. When attempting to
directly apply findings from in vivo models to humans,
these discrepancies present a barrier.

In vitro bladder models

In vitro bladder models are innovative experimental plat-
forms designed to replicate the intricate structure and
function of the bladder in a controlled laboratory envi-
ronment [22, 75]. These models utilize a combination of
cell cultures [76], biomaterials [76] and advanced imag-
ing techniques to mimic the complex cellular interactions
and physiological processes that occur in the bladder.
By providing a realistic representation of bladder biol-
ogy, in vitro models offer researchers a powerful tool to
study bladder development, disease mechanisms, drug
testing, and personalized medicine approaches [17, 77].
This cutting-edge technology has enormous potential
to improve clinical outcomes for patients with bladder-
related illnesses and to further our understanding of
bladder health.

Numerous advanced in vitro model systems have been
employed to comprehend the key concepts that govern
the formation of microbial biofilms, to study param-
eters crucial for CAUTI etiology, catheter encrustation
and to assess potential treatments or intervention tactics
[78]. Accurately representing the physical and chemi-
cal parameters existing in a catheterized human bladder
[79], the bladder model systems have shown that micro-
bial biofilm formation is significantly impacted by flow
dynamics, nutrient accessibility, nutritional composition,
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and other physicochemical features [79]. Thus, in vitro
models allow for the initial screening of novel concepts
and potentially high throughput testing while bypass-
ing the ethical concerns, high complexity and greater
expenses related to in vivo testing (Table 2).

Components of the in-vitro bladder model

The bladder model is a complete closed-drainage system
that resembles the urinary bladder [80]. The key compo-
nents of the model can be categorized into four groups
based on the distinct features of the human urinary
bladder and urine flow, which consist of constant urine
excretion, one-way flow from the kidney to the ureter,
cyclical bladder urine retention and irregular urination.
These comprised the waste liquid collection and stor-
age devices, the bladder models (in conjunction with the
infection carrier), the input and output pathways of the
culture medium, and the power sources for transmitting
urine flow (gravity, pump, combined agitation, or rota-
tion to the latter). All the components collectively mimic
the human urinary bladder system [21].

Different materials used to mimic the bladder

Only a few studies utilized plastic bags [81] to simulate
the bladder while most studies utilized glass bottles or
cylinders with a capacity of 200 to 700 mL as the blad-
der models [80]. Some researchers have utilized double-
walled glass vessels to symbolize the “bladder” [82, 83].
Its external chamber surrounds the internal vessel that
has its own inlet and outlet. Water at 37 °C circulates in
the outer chamber of the double-walled glass vessel, to
retain the inner vessel temperature at the body tempera-
ture. The inner vessel consists of artificial urine, micro-
bial culture, balloon and the catheter tip during model
operation [80].

Infection carrier

P. mirabilis was the main typical strain used as the infec-
tion carrier in most of the studies [80]. P mirabilis has
a unique ability to produce crystalline biofilms, owing to
ureolytic biomineralization, ultimately leading to encrus-
tation and blockage of urinary catheters [84]. Other than
P mirabilis, some studies have use d Escherichia coli,
Pseudomonas aeruginosa, Klebsiella pneumoniae, Provi-
dencia stuartii, Morganella morganii and Proteus vul-
garis as the infection carriers [82] (Table 2).

Growth media
According to the existing literature, researchers have
used tryptone liquid culture [85], Muller Hinton Broth
(MHB) [17], human urine [15] and artificial urine [80] as
the growth media (Table 3).

Urine is a natural choice for in vitro research of UTIs,
as its components undoubtedly have the potential to



Page 8 of 19

(2024) 24:206

Nissanka et al. BMC Urology

(81l
UOIeULIO) SIDIUIAN
“Jappe|g uewny buial e Jo sanixa|d Wyolq [elaioeq omIA pue J3I13s
-W02 3y} Juasaldal A||n} 10U S0P [9POW SIY} 431N ul uaAald 03 siswAjod ‘SO UO
"P2IUNODJE J0U 31k APOQ Y} Ul MOY SULIN JO 3Injeu uonewloy  (NdgM) sueyiainAjod paseq ‘e 19
(g)  D1weuAp ay3 pue ‘suoIdeISIUl aNSSIY ‘Dsuodsal aunwl Ww|yoliqg OJ1A Ul paugiyul auiogua1em pajesod ny Aq pay
| ain -Wl 9Y1] SI01DBJ SB ISASMOH S|9POW D13e)s 0} pated  A|9A1IDaYs sioWA|od NdgM  -1odul-uidexopoidid Jo SHQDI o (payidads ¥Sey uol}  -Ipoul [opow
-b4 -WO0D JUSWUOIIAUR J9PPEe|q UBWINY 3Y3 sajejnwiis 3| pajelodiodul-uipexoyoldin AJI|Ige 9Y1 5S9S5P O] ‘sna/np 5 'jod> 3 jou) sdwind auun [epUily  -eluswIeS 19ppe|g
UOI}RISNIOUD J932Y1ed
“JUSUIUOIIAUS JapPe|g UBwiNY 9y} JO Sanixa|duiod 92Npal 0} (UIeS %60 [88]
3Y3 31B|NWIS A]|NJ J0U S20P 3 ISASMOH "SHUN IS}y "PIOB DI|9puUBW pue 10 95 Agns ‘pioe dlIsp CINELD)
(D) 2z1salod wrl 70 ybnoiyy sassed ‘(JIOAISS2I pue [9SSoA 9 AgNS Yim N0 paysem -UeW 941) SINO-Yysem peay dwnd V) AQ pay
| ain Bu1193]|02) WSISAS [9POW 341 BULILIUS JIe [[B 9IS SIS19YIeD Ul PdNPal AJUBD  I9PPE|] JO SSOUSANDD) 91195582 S|9SSOA  -IpOU [9pOW
-B14  ‘UoIIBUILIEBIUOD [BIQOIDIW SUIOGUIR JO 3SH 3Y} SZIWIUIN -YIubis sem uoleisnioug -J9 9y} 21edwod O] SIIqpiILW SN310Id JneIslad 2ULIN DIBYIUAS sse|D 19ppe|g
SI|p2D3) N>
-202042)U7 pue
SIIQDAIW SN2J0Id
'pa1sa) S910ads [elR1deq ‘psoutbniap sou
19410 9y} 1sutebe Auande -0Wopnasd ‘114 /8]
|EPIDLISIDEG SWOS PRYGIYXD SIS1BYIBD UO  -NJs DIDUBPIAOI 1321 pue
)} pue J932Yled AJeuln Yy uo  UO[IBZIUO|OD [ell)deq ‘apjuownaud (QWIQOL)  SISIUIAN ‘Buryf
| ain uonDaUl /027 paysi|geIss  Jsulebe pioe dijspue DJJ2153)y 1103 dwnd yseyuoly  Aq padojen
by 'SOLIBUDS 3JI|-|eal 0} sBulpuy  PIIRUILIID PIde DII9PUB  JO AYAIIIE B SSasse O b1yoLayos3 Sheistiad Suun pajood J|URIS  -BIUSUISS -3 [9POW Y
ay3 Jo Ajigedijdde ayy 3w Aew s|ppoul 953y} ‘sny 61]
‘(1appe|g ay1 Jo sandadold [ed1ueydsw ay) pue ‘wni| uonisodsp €D SEICIVLS) JERE
-oyHdaoin ‘sasuodsal sunwiul JO 3dUasqe ay3 'sappAd - pue By buamol pue asi - Areuun ul abexoojq pue 132G uo
Buikydwa pue buljy oipouad) Jappe|q butuondunye  Hd Bugiyul Ag abexoo|gq  uonezl|esAid aHANIS paseq e 19
(@) JOsuOnIPUOD DIWRUAP 3} 91e|NWIS A||Nj 10U Aew SIY}  19}9U1eD PUB UOIJRULIO) (e} pacNpuUI-SIqpiIw (payiads (qwpoz)  pey Aq pay
| 31N UISASMOH JUSWUOIIAUS JSPPE|q UPWINY a3 sjuasaidal  -SAID auln paonpul-snajold 4 1g1yul 03 upljje jo JON) J9quWieyd  -Ipoul [epoul
-bi4  Aj91eINdDR S]SpOW 35343 ‘S|9POW dl1e)S 0} paledulod) o3 pajusAaid Ul AMjige ayy Apnis o) SIqQLIIW o dwng QULIN DIIBYIUAS sse|n 19ppe|q v
‘wniayidaoin ‘sasuodsai sunwwi bul
-PNJ2UI JUSWUOIIAUL JSPPE|G UBWNY 3y} JO A}xa|dwod
943 18NS A|[NJ 10U SIOP 1S } ‘S|9POU D11eIS Uey) UOIeIUSdU0D
91BINDR 3IOW SI SIY} YBNOYI|Y "S|9pOoW J9ppe|g OIHA UIDAWOJSO) AJeulin  2DUPRISISaI UIDAUIOJSO)
Ul 19430 03 pasedwod aHeIUBADE PIPPE UR S| UDIYM  [BUUIOU O} Pasodxa Uaym pue 12942 [ed1bo|olq  apIDOJ2 J21oDq 1]
Aj21e1edas SyUsWedUIOD Jappe|q pue ‘A101e|ndid  PaK0IISIP A|gel|a] JoU d1am -0IoJW ‘saunsodxs  -0J31u7 pue ap ‘e 19 Bogqy
() |PUISIUI SUIRIUOD } SB UISPPP|] 2} OJUI UOIIRIOXS  Palsa) Sa1e|0s| abjuownaud uIPAWOJsoy Aleun  -uownaud pjja 31eydsoyd-9-as0on|b Aq [apow
| 2N pue UOME|INDIID JIWRISAS 03Ul UonNgusip ‘uondiosge Wlepue/Bwol <D  Udamiaq diysuolieal -15Gajy 1102 sdund YHM pajusw S|9SSOA  Jappe|q OAIIA
-Bl4  |eunnsaiulonsebd Jo sassad0id 9y S9GIISIP [PPOW SIY | YIM a0200)2 "7 pue j0d F 9y} 2UIULIDIBP O DIY21I2Y2ST J1[eISHd -a|ddns gHW SSe|D  -Ul dlweuAQ
1eppe|q
[ETIT]-H) 10§ pasn
uoid3u|) swst |eusiew
ain -uebio oI dwng wnipaw Yyimoin Jo adA|
-614 (saanjieq/ssa3ong) syleway sbuipuy yoieasay Apnis ay3 jo wiy sansuadRIRYD Ispon

S|9POW J2PPR|q OJIA Ul JUISKIP Jo uospedwo) g ajqel



Page 9 of 19

(2024) 24:206

Nissanka et al. BMC Urology

‘Aj93e4nde A2BDLJ3 [e1Ul)d 121pald 0}

Ayjige s[opou ay3 bupiu| ‘1oe1) Aleuun uewny ay) Jo
Aixa|dwiod [ed1b0joiq 2y a3ejnwis A|jnj Jouued [apow
SIY} 12AemoH "ainteladwial Apog ufelulew 01D, /€
1€ J91em BURINDID YUM [9559A sse|b pajjem-3|gnop

2 P3SN UDIYM S|2POW OJ}IA U] JSYI0 SY3 WOI) PIemloy

(V 9-114D) spndad
|elgouDIW-IuUe YUM pa3eod
J8)9Yy31ed a8y} uo Jou Inqg

(St

da)s auo sI ped 1eay Pa||0iU0d-a|dNOdOWIRYI 9y ‘SI919Y1ed [9D0IPAY-IoA|IS JERES
() ‘ULNDNBY}  PUB |0JIUOD JO S3IBLINS DY} LNV 1uaAid (QW0S7)  enydAq pay
| ain -UAs 0} pasedwod Hd ul 9Bueyd D13SeIp OU PIMOYS UO U33S SEM UOIIeZIUO|0D 0} [9pow Jappe|q sdwnd UUN  |9SSIABUS  -IPOW [SPOW
-b4 pUE SULIN UBWNY Pazlinalsed pasn [spoul siy | Wwyolq j02 "7 ANeSH  OJ}A Ul UB USI|eISS O /0D DIYd1IaYIsT oneIslad uewny pazinaised  -jAdoidAjod 19ppe|g
‘OAIA UJ JNDD0 ey} sysodap
BUNSNIOUS 3Y Se SWes ay}
JIappe|g uewny BulAll e JO saixa|dwod 3y} alam s1sodsp Jo sjusuod [95S9A UOIY o1]
JU9s31dal A||N} 10U S0P ) ISAIMOH ‘A|SNOBUBYNUIIS  -WIOD [EDIUIRYD Y| IaM uoleISNIOU -Deal ((wd JERE)
€) PRjURWILISAXS 9q Ued s9|dWes J219Y1ed JO USGUINU U0 JO poliad B I0J 3JBLINS  IOj S|BLIRW J919Y1ed 8X1ZxGl)  x0DAqpay
| ain  3bue| e Uayling Juswiadxa ay3 Inoybnoiyl Jusuod 1912Y31ed 3y} 03 Ajuiy Ateuun jo Ajjiqn sdwnd X0Qq  -Ipoul |spoul
-b4 9y 4O Hd 2y} JoHUOW 0} SMO||e 9P0JII3[3 Hd 2y | palaype susodap b|/eD -daasns ay1 3591 0 SN210Id oyjeysiad QULIN [BDUILY  USYIA|0d 1appe|g
‘apjuownaud
bjj2isqapy pue
‘sauaboiap
12120q0I23u3 'Sy
-1QDAIW SN3)0Id
‘Wnivapj sn2202
-012}U7 JURISISDU
~UPAWOD UeA
"(VSHW) snainp
$N22020/Aydpis
JURISISaI-UI|[1D]
-Y1oU-- 531e(0S|
9dUaIsype [e2IUID ‘SUDD
|eu12eq buigyur Ul -1q/p bpIpUDD
92e}Ns uesopL} ‘psoutbniap
J91N0 J2)9Y1BD SY3 UO UOIL  PUR ‘DUIZBIPBYINS JSA|IS  SDUOWIOPNASY
"D3|0J1UOD 3¢ JOUURD 91e4 MOY ‘AUARID SU)  -BZIUO|O [eIGOIDIU Jsulebe 'BUIPIXaYJO|YD (7) 'Siip2aby s>
4bBNOoIY3 SMOY SULIN SB JISIASMOH “SUOIHIPUOD PazipJep 2DUe)SISaU Widl-buo) ‘dUIZeIpRYINS JAAIS -2020491U7 [68]
-Uejs Jopun sia1eyied pareubaiduil-d1ndasiiue Jusiayip ‘WwinJ1>ads-peoiq pajesls  PUB UIPIXSYIOIYD (1) 10D DIYILaYIsT JEERE
2sedwiod Apdauip 01 Aujige ue s a1ay) Jayung Adedyls -UOWISP $J219Y1eD pajeu Yum pareubaidul ‘sipiwiiapida Jexuoen) Ag
(@  [elgomiwiue Bulisal 104 SUOIHPUOD 3|gIdNpoidal pue  -HaidWI-aUIPIXaYIOIYD PUB  SI91DYIED SUODI|IS pue  SN22020j/Aydpis paLIpoOW
| ain JU31sI5U0d Buipiroid ‘susbe dindasnue 01 S1919YIRD  ‘SUIZRIPE)INS JA|IS 'UBSO[ILI X91B| JO SSOUDAIIDYD 'Snainp snd |9pow
-biy JO 21n50dxa SY1 501U A|9sIDald [SPOW SIY]  JO SUOIIRUIGUIOD DNISIBIBUAS  WiS1-Buo| ay) ssasse o) -2020/Aydpis Aynein ENILEIIENY agnL 19ppe|g
1appe|q
(19114 10j pasn
uol1d3ju]) swisl |eusiew
ain -uebio onIN dwing wnipaw Yyimoun Jo adAL
-614 (s2anjieq/ssa3ong) syleway sbuipuy yoieasay Apnis ay3 jJo wiy sansiadRIRYD Ispon

(panupuod)  3qeL



Page 10 of 19

(2024) 24:206

Nissanka et al. BMC Urology

'S3NSSIY 1S0Y

uolewWIOo)
wjyolq (psouibniap o

UM SUOIIDRIIUI PUB ‘SOILUBUAP MOY 2Ulin ‘sasuodsal “uonewioy PUE S/IqDAIW ) S312 [16]
aunwiwl buipnpaul Jappe|g uewny bulal| e Jo sanixa|d wl|yoliq psoulbniap 4 pue -ads-paxiw 1giyul 03 uejuoQg
-W0D 9y} 3uasaldal A||ny 10U S0P Ul I9ASMOH ‘AdeIayl  S/IQDIIW o :S2109dS-paxiW  SI1939Y3eD SU0DI|IS -[9b B UBWYST
abeydoliaioeq Jo A2ed13 343 1533 03 JUSWIUOIIAUD pasnpal Auedylubls ey -0JpAY pajealy |1eo0d Aq payipow
p3||03u0d e buipiroid ‘S| YD Apnis 01 30e Areuln 002 abeyd e yum Jaayied  abeyd e JO SSaUIAIIY psoulbniap g (payidads |opoul
UBWINY 343 JO SUOIIPUOD 943 SOIWIUW [Spowl siy]  Aleuln [9bolpAY pajeaiiaid -j9 9y} 21enjeAo 0] Ppue syIquiul §  jou) sduing auun [epyy yseld 1appe|g
“JUSLLIUOIIAUS JapPe|q UrWwNY 3y} JO SalIxa|duiod
3y} 91B|NWIS A]|N} 10U S0P SIY} IDASMOH USUIN|
1312431BD 33 03 P13 S| MO SE 'UOIIeZ|UO|OD [BUIL 'S3IUNUWIWOD
-N|eJ3UI JO UOIIRINWIIS 131102 B SMOJ|e Jay3in} [9pou Wjyolq ulyim aouasaid [06]
SIYJ 'SUOIIPUOD d3eJ MOy BulAleA Jopun UORBZIUO|OD  PauleIsNs JIay) bupeyjioe} ‘e
1312Y3eD pUB UOIRULIO) W|YOIQ UO B1ep 91INJDE 2I0W  ‘SUOIIPUOD DIWRUAP Jopun 1919438 opanazy Aq
(©) sapiAoid pue Jappe|g uewny ayj JO SUOIIPUOD [ed JUSWUOIIAUD SIS 94} AJeulin Uo s/suaipyinsni payipow
| ain -16ojo1sAyd BupdIWIUL S91R) MOY SULIN JUSHIWIRIU]  Bulleys usym paiesadood DIyj2J pUe 1j03 ' Jo 1j02 "7 'sisua) sdwnd |9SSaA [opow
-614 JO UOBINWIS 3} SMOJ|B SIY3 ‘S|9POW D3RS )IlUN SIsUpyninsy g pue fjod g 9|01 3Y3} dBNBAS O] -bYINSN] DIY2J BOINIEN auun [epyy uonoeay 1appe|g
19ppe|q
(43111Rd 10} pasn
uond3ju|) swsi

ain -ueb.io oI dwing wnipaw Yymoin

-614 (s@4njie4/SS93dNS) SHieWdY sbuipuy yieasay Apnis ay3 jo wiry sJnis1IvdRIRY)D 1opow

(Panunuod) Z3lqelL



Nissanka et al. BMC Urology

(2024) 24:206

Table 3 Comparison of different growth media utilized in in vitro models
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Growth Method

medium

Advantages

Disadvantages

Human Urine  Urine pooled from

[15] 1-3 donors, adjusted
dilution, concentra-
tion, and pH accord-
ing to specific gravity
and osmolality

Artificial urine  Similar to physi-

« Promotes diverse uropathogens growth
«Human urine includes elements beyond synthetic recipes
« Supports for denser biofilm formation compared to synthetic urine

- Able to precisely formulate reproducible results

- Expensive due to the associated costs
for collection, storage, processing, qual-
ity control, disposal, and transportation
- Variability makes it challenging to
maintain consistency in experimental
conditions

- Obtaining a large amount of human
urine for large-scale studies or long-
term experiments is difficult

- Collecting and using human urine

for research purposes needs ethical
concerns

- Requires expertise in formulation

- Production expenses may be higher

- Limited mimicry as it may not fully

replicate natural urine

- It does not accurately mimic the
composition of human urine

media [80] ological ranges of « Allow to manipulate for target investigations

osmolality, pH, and - Free of pathogens, minimizing contamination risks

composition of - Long-term stability

human urine
MHB culture  Well-defined, com- - Relatively easy to prepare, often requiring minimal additional
medium mercially available components
(supple- bacterial growth - Offers consistency and reproducibility ensuring the reliability of the
mented with  medium results
glucose- « Cost-effective compared to more specialized culture media (i.e:

6-phosphate) Artificial urine)

(7]

Tryptone Well-defined, com-
liquid culture mercially available
[85] bacterial growth of bacteria

medium

« Provides a rich source of nutrients (i.e.: peptides, amino acids,
vitamins, minerals) that support the growth and metabolic activity

- Lacks the complexity and specificity
of specialized culture media designed
to mimic human urine

- Offers consistency and reproducibility across experiments

- Relatively inexpensive compared to specialized culture media
- Easy to prepare and handle, requiring minimal additional compo-

nents and simple protocols

significantly impact bacterial proliferation. However,
there are certain opposing drawbacks to utilizing this
method. The most significant of these is that urine var-
ies greatly in terms of its composition, capacity to pro-
mote growth, and key physical characteristics including
pH, osmolality, and colour [75, 86]. While pooled urine
can temporarily serve as a standard product, enormous
volumes would be needed to conduct a comprehensive
set of comparative trials, which would present issues with
stability, sterility, and storage [75]. One potential solution
could be to utilize “artificial standard urine” However, it’s
unclear what the precise components should be in such
a medium. It appears that until 5% brain-heart infusion
broth or 1% tryptone soy broth is added, synthetic urine
that has been developed does not promote bacterial
development to a satisfactory degree [75].

Bacterial growth media like tryptone liquid culture
[85], MHB [17] are rich in proteins and peptides derived
from casein and soy, and provide a broad range of nutri-
ents to support diverse microbial growth that may not
perfectly stimulate the urinary environment. Further
these growth media contain only basic salts like sodium
chloride, while artificial urine media includes a broader
range of inorganic salts (i.e.: sodium sulfate, ammonium

chloride, calcium chloride, magnesium chloride) which
mimic the ionic strength and electrolyte balance of urine.

The power devices to facilitate urinary flow

Based on the prevailing literature researchers had used
fluid gravity [81], pump [17] and rotating devices into
the models to provide urine transmission and urination
power.

Comparison - types of in vitro models used to simulate
bladder environments

Advantages and limitations of in vitro models to study UTIs
Currently, there is no perfect experimental model to
study UTIs, due to the shortcomings of both in vitro and
in vivo models. Nonetheless, a more thorough under-
standing of UTIs, biofilm formation, pathophysiology,
treatment options, and coating techniques is possible to
be gained with the information gathered from these in
vitro models.

One of the main benefits of in vitro model applica-
tions is that they provide a controlled and precise envi-
ronment, allowing researchers to manipulate specific
variables and conditions with high accuracy [91]. This
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Fig. 1 Bladder models established in different studies (A): Abbott et al,, 2018; (B): Rad et al,, 2019; (C): Getliffe, 1994; (D): Gaonkar et al., 2003; (E): Cox et
al, 1987; (F): Chua et al, 2017; (G): Azevedo et al,, 2017

involves adjusting variables including particular bacterial  of interest is made possible in vitro by precise control. A
strains that are introduced to the model and the environ-  methodical examination of the effects of distinct factors
mental conditions in which the tests are being carried on UTI-related processes can be facilitated by research-
out [82]. This control enables the study of strain-specific  ers’ ability to change one variable at a time while main-
virulence factors. Further, isolating particular variables taining the stability of others [91]. This method aids in
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recognizing important factors and comprehending how
they affect infection.

Since there are no costs involved with maintaining and
caring for animals, conducting research in vitro can be
more affordable than using in vivo models [25]. Further,
in vitro studies enable the simultaneous testing of mul-
tiple conditions, facilitating the rapid screening of poten-
tial therapeutics or interventions. In vitro models provide
a compassionate substitute for animal testing in some
UTI research scenarios, addressing ethical issues related
to it.

In contrast, the major limitation of in vitro models is
that they may lack the complex biological and physiologi-
cal characteristics of a living organism (i.e.: composition
of three cell layers, apical membrane, immune responses,
potentially overlooking critical aspects of UTI progres-
sion. A crucial component of UTI pathogenesis is the
complex interaction between bacteria and the human
immune system. It is frequently left out of these models
while in vivo models allow researchers to study the intri-
cate interactions between bacteria and the host, offering
an understanding of the immune response and microbial
behavior [91].

Further, a significant difference exists in the expres-
sion of the asymmetric unit membrane by urothelial
cells in vitro and in vivo, which is required to under-
stand the correlation between in vitro and in vivo find-
ings. The asymmetric unit membrane is a specialized
apical membrane feature of urothelial cells, character-
ized by crystalline lattice consisting four key uroplakin
proteins (UPK1A, UPK1B, UPKII, UPKII) [92]. These
uroplakins create plaques that are essential to the blad-
der epithelium’s mechanical stability and permeability
barrier [93]. The expression of asymmetric unit mem-
brane in vivo is influenced by the complex three-dimen-
sional architecture of the bladder, exposure to urine, and
interaction with other cell types and extracellular matrix
components [94, 95]. Conversely, the lack of these in vivo
stimuli such as three-dimensional architecture, low diffu-
sive water and urea permeabilities, differentiation mark-
ers of the umbrella cells, high transepithelial resistances
(resistance of 20,000 Q- cm? or greater in native tissues)
and amiloride-sensitive transport system, causes urothe-
lial cells grown in vitro to frequently change expression
of uroplakin. It results decreased production of asym-
metric unit membrane plaques [92]. Cell differentiation
and membrane protein expression can vary significantly
depending on the two-dimensional nature of cell culture,
the absence of mechanical strain, and the nutritional
environment in the in vitro models [96]. In vivo mod-
els are invaluable in understanding the cellular mecha-
nisms in the bladder epithelium [97]. Jafari and Rohn had
developed an improved barrier-forming, terminally dif-
ferentiated, 3D urine-tolerant human urothelial model
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(3D-UHU) [96]. This urothelial model exhibited mor-
phological similarities with human bladder urothelium,
consisting of terminally differentiated umbrella-like cells
at the apical surface, multiple intermediate cell layers
and a single basal cell layer at the basal membrane. The
model also showed similar CD phenotypes to human
bladder tissue including basal cells, CD271* and CD227*
umbrella like cells [96]. Further Sharma et al. developed a
human bladder-chip model using bladder microvascular
endothelial cells and umbrella cells. Most epithelial cells
had expressed cytokeratin markers including CK7 and
CKS8, indicating their uroepithelial nature, while some
endothelial cells also expressed CK7 [98].

The findings’ practical significance may be limited by
the fact that the controlled environment of in vitro mod-
els might not accurately represent the dynamic and com-
plex settings found in a living organism.

Validation of bladder models

Validation is an important aspect of an in vitro bladder
model. Validation should be done before utilizing the
bladder model for any experiment to generate reproduc-
ible results throughout experiments.

Validation of a bladder model involves ensuring the
model accurately, representing the biological and physio-
logical characteristics of the human bladder [111, 112] in
scientific research. Validation is crucial especially when
these models are used for drug testing [111, 112]. Criteria
validity and predictive validity are two essential compo-
nents of validation [113]. Predictive validity measures the
model’s accuracy in predicting in real-world scenarios,
while criterion validity tests, how well a measure predicts
an outcome based on a gold standard [113].

Further, in vitro and in vivo correlation is also essen-
tial for validating. It is important to see that the in-vitro
models can accurately predict the biological behavior
observed in in vivo systems. A study done by Conte et al.
in 2023, demonstrated the efficacy of bovine lactoferrin
(bLf) in preventing recurrent UTIs through both in vitro
and in vivo experiments. In vitro studies were performed
using T24 human bladder cancer cell line (HTB-4) dem-
onstrated that bovine lactoferrin inhibited the growth of
bacteria under controlled laboratory conditions. Further,
in vivo study also showed similar results when adminis-
trating the bovine lactoferrin to experimental subjects.
This further highlight the potential of bovine lactoferrin
as a promising therapeutic intervention for managing
UTIs [102].
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Model

Validation process

Reference/s

In vitro
Dynam-
ic flow
model

In Vitro
Encrus-
tation
model

+ A model’s reproducibility was validated to
ensure that each piece of biomaterial in the
model showed similar levels of encrusta-

tion with no differences in the amount of
encrustation on each piece. Three pieces of

a material (i.e.: Percuflex), each 3 cm long, on
each mandrel was used. Four vessels were set
up with urine flow for two weeks. After this
period, encrustation on each piece of Percuflex
was measured, focusing on the amounts of
calcium and magnesium, which represent
hydroxyapatite and struvite encrustations,
respectively.

+ The performance of a dynamic encrustation
model was tested in two ways:

1. Samples from the material were tested in a
dynamic model with urine flow for two weeks
to measure calcium and magnesium buildup.
2. The results from this dynamic model were
compared with a static model by Tunney et al,,
(1996) where materials were placed in station-
ary artificial urine with minimal movement.

Validation of the in vitro encrustation model
comprised 5 parts;

i. Determination of amount of calcium leach-
ing from a glass model / container was done
by placing deionized water in it for 5 days.
Calcium levels were measured before and
after, and the experiment was triplicated, and
average results was taken.

ii. Quantification of calcium leaching from
catheter materials was done subtracting
inherent calcium in polymers and urological
devices from the total after urinary exposure.
Using acidified lanthanum chloride, calcium
was removed and measured daily over 5 days,
followed by assessing remaining calcium in
the polymers.

iii. Comparison of the encrustation index of
single-source urine and pooled urine from
three men without urolithiasis was done to
verify reproducibility of the experiments.

iv. Quantification of the encrustation in vitro
was done using different antimicrobials (i.e,;
vancomycin and gentamicin) treated fresh
human urine and different catheter materials
(i.e,; Hyaluronic acid-coated polyurethane and
medical-grade silicone membranes). Urine
was delivered at constant flow rate (i.e.; 0.5
mL/min) to materials to be tested. Experi-
ments were repeated five times to measure
encrustation.

v. Assessing encrustation in vivo was done
implanting the same biomaterial into the
bladders of 20 male Wistar rats. HA-coated and
silicone disks (3 mm diameter, T mm thick)
were used and left for 9 weeks, with prophy-
lactic amoxicillin administered subcutaneously.
Urine samples were collected for culture and
pH measurement. After retrieval, encrusta-
tion was quantified using atomic absorption
spectroscopy.

[112]

[113]
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Significance of experimental in-vivo and in-vitro bladder
models for clinical/ other applications

Other than studying UTIs, experimental bladder mod-
els play a vital role in expanding our understanding of
bladder-related disorders, and their usefulness extends to
different clinical and scientific applications. These experi-
mental models, which can range from complex in vivo
systems to in vitro cell cultures, offer crucial information
that can be applied to the diagnosis, management, and
prevention of bladder-related diseases.

These bladder models play a major role in the inves-
tigation of interstitial cystitis, a painful chronic illness
characterized by pain and discomfort in the bladder [99].
These models allow researchers to identify possible ther-
apy targets and create focused therapies to reduce symp-
toms and enhance the quality of life for affected persons
by simulating the inflammatory processes and cellular
alterations linked to interstitial cystitis. Bladder cancer,
another prevalent and challenging health issue, benefits
immensely from experimental models that facilitate the
study of tumor initiation, progression, and response to
treatment [100]. These models facilitate the testing of
new therapeutic drugs, investigation of the genetic and
molecular elements driving the development of cancer,
and enhance our knowledge of the tumor microenviron-
ment [25]. To date, the most widely utilized in vitro blad-
der cell model is comprised of cultivated urinary bladder
cells. These models are often made up of isolated blad-
der cancer cell lines and are reliable in vitro models for
researching the processes leading up to the formation of
bladder cancer as well as for assessing the effectiveness
of anti-neoplastic medications [101]. The first human
urinary bladder cancer cell line designated as RT4, was
established by Rigby and Franks in 1970 [102].

In preclinical research, bladder models are a useful
resource that lets scientists evaluate the effect of poten-
tial drugs on bladder pathology and function in a sys-
tematic way. This is especially crucial when considering
overactive bladder, a common disorder marked by the
involuntary contraction of the bladder muscles, which
can result in symptoms including incontinence, urgency,
and frequency [103]. Further, Trospium chloride (TrCl)
was found to be efficacious when loaded onto degradable
poly(lactide-co-glycolide)-based polymer-carriers in in
vitro experiments using a porcine bladder model [104].

Bladder organoids

Organoids are 3D structures grown from stem cells in
the laboratory that mimic the structure and function of
organs [105]. Similarly, a bladder organoid is also cre-
ated from stem cells or tissue samples of the bladder into
a 3D structure, on the outside of a living organism that
imitates the anatomy and physiology of the bladder [106].
These bladder organoids can be employed in controlled
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Table 4 Comparison of different organoids used as bladder models

Cell line Organism/s  Aim/s Findings Reference
5637 (HTB-9) UPEC with - To establish a 3D organoid + 5637 human bladder cells cultured for ten days in the rotating wall [110]
cells and without  model of human urothelium  vessel (RWV) bioreactor, formed 3D structures that exhibited structural
a hemoly- and to assess the interaction  organization and cellular markers typically found in human urothelium
sin gene of 5637 (HTB-9) cells with that has undergone differentiation.
mutation UPEC strains - 5637 organoids showed increased and more selective expression of
some markers (E-cadherin, cingulin, cytokeratin 20, uroplakin) that are
normally present in differentiated human urothelium compared to the
same cell line cultured in monolayers.
Human blad- E. faecalis To create an organotypic - Both HBEP and HBLAK organoids had the correct spatial expression of  [107]
der epithelial urine-tolerant human urothe-  some vital biomarkers including Cytokeratin and Uroplakin-Il.
progenitor cells lium that may be utilizedto - £ faecalis established significant intracellular colonies inside the inter-
(HBEP. HBLAK) investigate host-uropathogen mediate and basal cells of the organoids.
interactions, therapies, and
resolution.
Mouse bladder  UPEC To investigate how early inva-  In bladder organoid model, solitary bacteria invaded deeper layers of ~ [111]
organoids from sion of the bladder wall by the bladder wall early in infection, independent of the formation and
C57BL/6 wild- solitary bacteria can protect  rupture of intracellular bacterial communities (IBCs). These solitary
type or mT/mG UPEC from the effects of bacteria, which resemble quiescent intracellular reservoirs (QIRs), evade
mice antibiotics and the response  destruction by antibiotics and neutrophils. They are distinct in mor-
of neutrophil swarms, using  phology from bacteria within IBCs, suggesting that QIR-like bacteria
an organoid model can form early during infection.
+ 5637 human UPEC strain To develop and characterize Neutrophils rapidly recruited from the vascular channel to infection [99]
bladder CFT073 a bladder-chip model that sites formed swarms and extracellular traps, but this did not prevent
epithelial carci- mimics bladder structure by the formation of intracellular bacterial communities (IBCs). Antibiotics
noma cell line co-culturing human bladder  showed delayed effectiveness in eliminating bacteria within IBCs, and
(procured from epithelial cells with bladder in some cases, bacteria were not eradicated at all. During recovery
ATCC HTB-9TM) microvascular endothe- periods, bacteria rapidly proliferated in IBCs, leading to new infection
« Human lial cells, using a device that sites through bacterial shedding and host cell exfoliation.
primary bladder exposes epithelial cells to
epithelial cells urine and endothelial cells to
«Human culture media
Bladder
Micro-vascular
Endothelial cells
(HMVEC-Bd)
HBLAK human  UPEC strains  To develop and utilize 3D urine-tolerant human urothelial model (3D-UHU) was stratified into  [97]
bladder pro- uTigo, an immune-responsive 7-8 layers with distinct cell types, after 18-20 days. The apical surface
genitor cells CFTO073,E. three-dimensional differentiated into CD227 +umbrella-like cells expressing key urothelial
coli 83,972 urine-tolerant markers (uroplakin-1 A, II, lll, and cytokeratin 20) and a glycosaminogly-
Enterococcus  human urothelial model to can layer, while intermediate and basal cells (CD271+) were present un-
faecalis EF36,  study UTls derneath. The model showed effective barrier function and expressed
EF77 and proteins like E-cadherin, claudin-1 and —3, and ZO-1. Infection with
Streptococcus both Gram-negative and Gram-positive bacteria led to increased pro-
agalactiae inflammatory cytokines and chemokines, mimicking human UTI. This

model offered potential for exploring host-pathogen interactions and
host urothelial immune responses.

laboratory settings for scientific studies on bladder devel-
opment, disorders, and evaluating therapeutic and diag-
nostic effects [106, 107]. This approach is an efficient
component for researching the cellular and molecular
aspects of epithelial differentiation.

In comparison to bladder organoids, other in vivo and
in vitro models have some disparities. In 2D cell culture
models, they are inadequate to accurately represent the
complex nature of in vivo structures including the extra-
cellular matrix and the cell-to-cell interactions that take
place in 3D spaces [108]. In animal models, there are
limitations to accurately mimic human bladder-related

pathologies and responses to treatments, highlighting
specific anatomical, physiological, and immunological
differences between animals and humans [107]. Accord-
ing to the review of Mestas et al., the immune response
in animals like mice differs from humans in terms of
cytokine profiles and immune cell functions, impact-
ing the body’s response to bladder infections [116]. Mice
have a lower proportion of neutrophils (10-25%) and a
higher proportion of lymphocytes (75-90%) in periph-
eral blood compared to humans, who have 50-70% neu-
trophils and 30-50% lymphocytes [116]. This difference
affects the immune response to bladder infections and
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the effectiveness of treatments targeting these cells. TLR9
is expressed on all myeloid cells, plasmacytoid dendritic
cells (DCs), and B cells in mice, while it is only expressed
on B cells and plasmacytoid DCs in humans [96, 116].
These differences can also impact the immune response
to bacteria. In addition, CD33 marker is expressed on
granulocytes in mice but on monocytes in humans,
impacting how these cells respond to pathogens and
the effectiveness of treatments based on these cell types
[117]. Further, in mice, serum IgA is mostly polymeric,
while it is monomeric in humans. This affects mucosal
immunity and the response to pathogens in the bladder.
Regarding the anatomical disparities in bladder size and
capacity, the adult human bladder typically has a capacity
of about 400—-600 ml whereas it is about 0.15-0.30 ml in
mice. This can also impact on bladder-related pathologies
[54, 96].

Consequently, there is a critical need for alternative
approaches that can better capture the complexity of
bladder-related conditions and improve the conversion
of research findings to clinical practice. The major advan-
tages of 3D culture methods are the ability to capture in
vivo microarchitecture and the ability to mimic cell-to-
cell interactions more accurately and precisely [107].
Further, with the use of organoids for drug screening and
toxicity assessment, drug discovery may be simplified
and cost-effective in the future [107]. Although bladder
organoids represent a significant advancement in in vitro
bladder modeling, they are not exempt from constraints.
Keeping bladder organoids viable in urine over extended
periods is difficult, which limits their use in long-term
studies. Further, some key biomarkers like cytokeratin 20
are not correctly expressed making incomplete disease
modeling [106] (Table 4).

Prospects for advancing UTI and biofilm research using
experimental models

The prospects for advancing UTIs and biofilm research
using experimental models are promising with several
key avenues for exploration and innovation. These pros-
pects have the potential to advance our knowledge of
UTIs, enhance therapeutic approaches, and aid in the
creation of preventative measures. The detection and
development of new antibiofilm agents will be a key focus
of future research. Discovering compounds that particu-
larly target the formation of biofilms or disrupt existing
biofilms will be crucial to the development of success-
ful treatment approaches. Further investigations into
the host immune response in relation to UTIs and bio-
film formation ought to be the main emphasis of future
research. Gaining knowledge of the complex interactions
between biofilm-associated pathogens and the immune
system might help discover possible targets for immu-
nomodulation and provide important information about

Page 16 of 19

how diseases progress. Translating laboratory results
into clinical applications requires corporate collabora-
tion as well as support from researchers and physicians.
The development of new treatments, diagnostic tools,
and prophylactic measures for UTIs and biofilm-related
problems will be sped up by overcoming the disparity
between bench research and clinical practice.

Conclusion

Both in vivo and in vitro models offer unique benefits
and drawbacks in understanding UTIs. In vitro models
provide controlled environments for studying specific
aspects of UTI biology and testing potential treatments,
while in vivo models offer insights into how UTIs mani-
fest and progress within living organisms. Thus, both
types of models are leading to the development of more
effective diagnostic tools and therapeutic interventions
against UTIs. Moreover, advanced methodologies involv-
ing three-dimensional bladder organoids have also been
used to study bladder biology, model bladder-related
disorders, and explore new treatments for bladder can-
cers, UTIs, and urinary incontinence. Narrowing the
distance between fundamental scientific research and
practical medical applications, these pioneering models
hold the key to unlocking new avenues for the develop-
ment of personalized diagnostics, precision medicine,
and ultimately, the alleviation of UTI-related morbidity
worldwide.
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