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Abstract: Helicobacter pylori is one of the most common bacterial pathogens worldwide and the main
etiological agent of numerous gastric diseases. The frequency of multidrug resistance of H. pylori is
growing and the leading factor related to this phenomenon is its ability to form biofilm. Therefore,
the establishment of a proper model to study this structure is of critical need. In response to this, the
aim of this original article is to validate conditions of the optimal biofilm development of H. pylori
in monoculture and co-culture with a gastric cell line in media simulating human fluids. Using a
set of culture-based and microscopic techniques, we proved that simulated transcellular fluid and
simulated gastric fluid, when applied in appropriate concentrations, stimulate autoaggregation and
biofilm formation of H. pylori. Additionally, using a co-culture system on semi-permeable membranes
in media imitating the stomach environment, we were able to obtain a monolayer of a gastric cell line
with H. pylori biofilm on its surface. We believe that the current model for H. pylori biofilm formation
in monoculture and co-culture with gastric cells in media containing host-mimicking fluids will
constitute a platform for the intensification of research on H. pylori biofilms in in vitro conditions that
simulate the human body.

Keywords: Helicobacter pylori; Helicobacter pylori biofilm; KATO III; host-mimicking conditions; host-
mimicking fluids; culture conditions

1. Introduction

Helicobacter pylori is one of the most common bacterial pathogens worldwide and
the main etiological factor in chronic progressive gastritis, which over time determines
the development of numerous gastroenterological diseases [1]. H. pylori infection is often
acquired in childhood and progresses to a life-long state if not successfully treated. Amoxi-
cillin, metronidazole, clarithromycin, levofloxacin, and tetracycline are the most commonly
used antibiotics, although in recent years bismuth salts have also been gaining importance
and are applied during quadruple therapy [2].

The success of treatment directed against H. pylori is highly dependent on the level
of antibiotic resistance [3,4]. Unfortunately, together with a global increase in antibiotic
resistance incidence, achieving therapeutic efficacy becomes a real challenge and critical is-
sue [5,6]. Mechanisms negatively influencing the possibility of H. pylori eradication include
patient adherence (availability of drugs, cost of the treatment, side effects), host-related
factors (genetic determinants, immune status), and factors associated with a bacterium
(virulence, resistance profile, density in the stomach) [3,7]. For H. pylori, it is indicated that
resistance to single antibiotics is associated with point mutations in drug target sites, while
multidrug resistance is strongly related to biofilm formation [6,8].

A biofilm is defined as multicellular communities of microorganisms surrounded by
an extracellular matrix [9,10]. The extracellular matrix is a mixture of various biomacro-
molecules, including polysaccharides, proteins, lipids, and nucleic acids. Its presence
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determines a number of phenotypic features of biofilm cells that are beneficial to microor-
ganisms, i.e., increased aggregation, intensified adhesion to biotic and abiotic surfaces,
and decreased sensitivity to antibiotics or activity of the immune system. The state of
knowledge regarding biofilm production by H. pylori, although still quite basic in relation
to many other bacterial species, has expanded significantly in the last decade [11-15]. Dis-
turbingly, recent reports indicate a link between antibiotic resistance and/or tolerance and
biofilm formation of H. pylori [16-21]. The relevance of the above-mentioned phenomenon
is well reflected by the promising data of Cammarota et al. [22], who proved in a random-
ized control trail that N-acetylcysteine-dependent disruption of H. pylori biofilm before
culture-guided therapy was significantly associated with a better treatment efficacy of
patients. Therefore, the intensification of research on biofilm produced by H. pylori becomes
undoubtedly even more important.

Systems commonly applied to develop and analyze biofilms are characterized by
high throughput capabilities, but suffer from a lack of proper simulation of in vivo con-
ditions [23,24]. Simplified research models do not have the appropriate factors related to
the host (substrate, medium flow, or biochemical conditions), and this certainly limits the
possibility of directly translating the results obtained in the laboratory into a real-life sce-
nario [24]. The use of animal models in biofilm research, although allowing for a relatively
reliable representation of clinical conditions, is at the same time burdened with high costs
and a number of bioethical issues [25]. In response to this, the use of host-mimicking fluids
as culture media is becoming increasingly popular in studies focused on the determination
of the physiology or drug susceptibility of microorganisms [26,27]. This approach facilitates
access to this type of research procedure for less-specialized or funded laboratories, while
allowing them to conduct the replication of in vivo conditions. To our knowledge, the only
research on H. pylori that has used simulated human fluids in the cultivation of this mi-
croorganism consists of several studies testing new therapeutics [28-30] and a single study
verifying the involvement of urease in the motility of this bacterium in mucins [31]. The
use of culture media imitating human fluids in research on H. pylori biofilm development
has not yet been applied.

Therefore, the aim of this original article was to validate the conditions of optimal
biofilm development of H. pylori in monoculture and co-culture with a gastric cell line in
culture media simulating human fluids.

2. Results and Discussion
2.1. Selection of H. pylori Strain

For this research, we decided to select a clinical multidrug-resistant H. pylori 2CML,
which in our previous studies had demonstrated the most intensive biofilm production
among all tested strains [16]. As part of our previous studies [16,17], we also managed to
demonstrate that its set of phenotypic features—rapid adaptation to changing environmen-
tal conditions expressed in dynamic autoaggregation and biofilm formation—make it an
ideal strain to test the optimal culture conditions of our current research model.

2.2. Effect of Simulated Transcellular Fluid (STF) on the Physiology of H. pylori

Transcellular fluids constitute a part of extracellular fluids and are found within close
proximity to epithelial cells, including the gastrointestinal tract [32]. They act mostly as a
lubricant agent and help in electrolyte exchange. As the gastric epithelium is the natural
place where H. pylori resides in the human body [33,34], we wanted to investigate the
impact of transcellular fluid on this bacterium. In line with this, in the first stage of our
model, we assessed whether the presence of a concentration gradient of STF (0-10%, in 1%
intervals) in the classically used culture medium (Brain Heart Infusion broth (BHI) + 5%
Fetal Calf Serum (FCS)) affects several physiological parameters of H. pylori, such as
the optical density of planktonic forms, viability (measured with the LIVE/DEAD Kkit),
autoaggregation degree, and the amount of biofilm formed (Figure 1).
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Figure 1. Assessment of the impact of a one-week culture on the physiological parameters of H.
pylori 2CML in BHI + 5% FCS and the concentration gradient of STF (0-10%, with 1% intervals).
An increasing concentration of STF is marked by the intensified gray of bars. (A) Autoaggregation
measured microscopically by estimating the degree of the observation field coverage, n = 3. (B) Biofilm
formation determined by a crystal violet staining method and spectrophotometric measurements,
n =9. (C) Viability of bacterial cells determined by fluorescent staining with a LIVE/DEAD kit and a
ratio of green/red fluorescence, n = 3. (D) Density of planktonic cells assessed by spectrophotometry,
n =9. (E) A set of images showing the growth of H. pylori 2CML under the most optimal conditions
of the current model—BHI + 5% FCS + 5% STF (marked with red bars). Scale bars, 20 um. * indicates
statistical difference (p < 0.05) with the control—0%.

We observed that concentrations between 1% and 5% of STF gradually stimulated
all the biological parameters tested. Interestingly, this effect was maximized at 5% STF,
after which further increasing of the concentration led to a reduction in all these indicators
(Figure 1). We suspect that this phenomenon is the result of the nutritional enrichment
of BHI with 5% FCS, and the addition of too-high concentrations of other components
to this medium may cause bacterial cell death, e.g., osmotic lysis [35]. Regardless, the
above observations indicate that the culture of H. pylori in the presence of STF (at an
experimentally selected concentration) has an inducing effect on both the proliferation of
planktonic cells and the amount of biofilm produced.

Another aspect worth noting is that 3-day culture under the above-mentioned condi-
tions was optimal to maximize the development of H. pylori biofilm (Figure 1). A longer
incubation period of 7 days contributed to the reduction in the biofilm amount and the
transformation of its structure from single large-scale aggregates into smaller more numer-
ous microaggregates. We suspect that this process of biofilm architecture rearrangement
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is related to the production of autoinducer 2 (AI-2) by H. pylori. AI-2 constitutes quorum
sensing molecules, which are synthesized as the density of bacterial cells increases [36].
Interestingly, high concentrations of Al-2 are perceived by H. pylori as a chemorepellent
signal, inducing cell dispersion from mature biofilm [37,38]. In the research of Sweeney
et al., who used computer modeling to assess the impact of AI-2 on the structure of H. pylori
biofilm, it was observed that the accumulation of these compounds was accompanied by
the transformation of large biofilm aggregates into many smaller ones [39]. Therefore, we
suspect that the perception of AI-2 by H. pylori might be associated with rearrangements
of the biofilm structure in our experiments; however, a careful set of studies needs to be
performed to confirm this hypothesis.

In the second stage of this series of experiments, we decided to assess the physiology of
H. pylori growing in STF as the primary culture medium. To increase bacterial multiplication,
we tested whether the presence of FCS, and which concentration, is optimal under these
culture conditions (Figure 2). In the case of three parameters (optical density of planktonic
cells, autoaggregation degree, and biofilm amount), we noticed a linear correlation between
the increase in the applied FCS concentration and the intensification of these biological
processes. We detected the saturation of the effect at a concentration of 8% FCS, after which
a steep decline in the above processes was noticeable. We suspect that, as in our previous
experiments, a too high concentration of nutrients in the culture medium may lead to
osmotic cell death. Again, we noticed that a 3-day culture had a more beneficial effect on
the biological parameters assessed than a 7-day incubation period.
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Figure 2. Assessment of the impact of a one-week culture on the physiological parameters of H. pylori
2CML in STF and the concentration gradient of FCS (0-10%, with 1% intervals). An increasing concen-
tration of FCS is marked by the intensified gray of bars. (A) Autoaggregation measured microscopically
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by estimating the degree of the observation field coverage, n = 3. (B) Biofilm formation determined
by a crystal violet staining method and spectrophotometric measurements, n = 9. (C) Viability of
bacterial cells determined by fluorescent staining with a LIVE/DEAD kit and the ratio of green/red
fluorescence, n = 3. (D) Density of planktonic cells assessed by spectrophotometry, n = 9. (E) A
set of images showing growth of H. pylori 2CML under the most optimal conditions of the current
model—STF + 8% FCS (marked with red bars). Scale bars, 20 um. * indicates statistical difference
(p < 0.05) with the control—0%. Because of the low values for all the physiological parameters during
1- and 2-day cultures, these data were not recorded.

To sum up, we managed to confirm the validity of the use of STF as a stimulator
of autoaggregation and biofilm formation of H. pylori, both in the standard BHI + FCS
medium (Figure 1) and as a primary culture medium when supplemented with sufficient
concentrations of FCS (Figure 2).

2.3. Effect of Simulated Gastric Fluid (SGF) on the Physiology of H. pylori

The most well-known type of secretion produced by the stomach is gastric juice
(gastric fluid) [40,41]. Its main function is to inactivate swallowed microbes and prevent
them from reaching the intestines. Thus, gastric juice is frequently considered as the first
line of defense against infections throughout the gastrointestinal tract. Therefore, in the
second stage of our model, we decided to assess whether the presence of gastric fluid in
the classically used culture medium (BHI + 5% FCS) affects the physiology of H. pylori. As
in the previous experiments, we assessed the effect of the concentration gradient of SGF
on the optical density of planktonic forms, viability (measured with the LIVE/DEAD kit),
autoaggregation degree, and the amount of biofilm formed (Figure 3).

In a validated version of the experiments, we narrowed the concentration gradient of SGF
to 0-2% (in 0.2% intervals). This decision was dictated by the death of bacteria both during
incubation in pure SGF (already after 30 min) and the originally planned concentrations in
the range of 0-10%. This situation is most likely related to the fact that H. pylori, contrary to
popular belief, is not an acidophilic bacterium [42]. Contact with a very low gastric pH in vivo,
such as in the SGF applied in our studies (pH = 1.6), is very short. Avoidance of the acidic
environment by H. pylori is associated with an intensive production of urease and the presence
of flagella, which are additionally accompanied by a negative chemotaxis against protons [43].
These features ultimately lead to a rapid and directional localization of H. pylori within the
gastric mucosa, where the prevailing pH is typically in the range of 6-7.4 [42,44,45]. Thus, in
this series of experiments, we set out to determine how small changes in the environmental
acidification induced by low concentrations of SGF affect the physiology of this bacterium.

We observed that concentrations between 0.2% and 1% of SGF gradually stimulated
two of the four parameters assessed (autoaggregation and biofilm amount), with the effect
on the viability often being inversely proportional (specifically well seen during 2- and
3-day culture) (Figure 3). Although 0.2-1% SGF slightly increased the optical density of
planktonic cells, this effect was mostly insignificant. Additionally, when a concentration of
1% SGF was exceeded, the autoaggregation- and biofilm-stimulating effect was gradually
lost, and the values of the assessed parameters matched those observed for control samples
(0% SGF). Firstly, in the current series of experiments we confirmed that a 3-day incubation
of H. pylori determines the most robust biofilm production. Once again, we associate this
fact with the increase in AI-2 concentration together with a prolonged culture and the
resulting dispersion of the H. pylori biofilm during a one-week incubation. Secondly, during
the 2- and 3-day cultures, we noticed a very strong decrease in the green/red fluorescence
ratio after LIVE/DEAD staining, especially for the SGF concentrations most favorable for
intensifying all other biological parameters, e.g., biofilm formation (Figure 3). Interestingly,
this effect was completely eliminated during the 7-day culture, questioning our original
assumption that the increase in red fluorescence was the result of bacterial cell death. We
suspect that this phenomenon is correlated with the accumulation of extracellular DNA
(eDNA) in the biofilm matrix. As a confirmation of our hypothesis, we would like to draw



Int. J. Mol. Sci. 2024, 25, 9839 60f 18

2]
=3
1

Autoaggregation [%]
N B
T 9T

0=
SGF.

(@)

-
=] N
=] =)
1 1

'S
=)
1

Viability [green/red fluorescence]
o
L

SGF:

m

attention to the previous results by our team [16,17] and others [46-48], demonstrating the
importance of eDNA as a building unit of H. pylori biofilm. We believe that accumulated
eDNA in the biofilm matrix of H. pylori reacts with the propidium iodide of the LIVE/DEAD
kit and enhances the red fluorescence signal. This type of mechanism was described in
detail several years ago by the team of Rosenberg et al., who showed with various bacterial
species that eDNA in the biofilm matrix interferes with the interpretation of LIVE/DEAD
staining and, as a result, underestimates the recorded bacterial viability [49]. Thus, based
on all the above considerations, we suspect that exposure of H. pylori to SGF results in
the accumulation of eDNA and related with this stimulation of both autoaggregation and
biofilm formation. This effect disappears during longer incubation in the above conditions,
most likely as a result of the use of eDNA as a nutrient source [50] or due to the uptake of
this genetic material during the transformation process of naturally competent H. pylori [51],
although these assumptions must be confirmed experimentally in the future.
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Figure 3. Assessment of the impact of a one-week culture on the physiological parameters of H.
pylori 2CML in BHI + 5% FCS and the concentration gradient of SGF (0-2%, with 0.2% intervals).
An increasing concentration of SGF is marked by the intensified gray of bars. (A) Autoaggregation
measured microscopically by estimating the degree of the observation field coverage, n = 3. (B) Biofilm
formation determined by a crystal violet staining method and spectrophotometric measurements,
n =9. (C) Viability of bacterial cells determined by fluorescent staining with a LIVE/DEAD kit and a
ratio of green/red fluorescence, n = 3. (D) Density of planktonic cells assessed by spectrophotometry,
n =9. (E) A set of images showing the growth of H. pylori 2CML under the most optimal conditions
of the current model—BHI + 5% FCS + 1% SGF (marked with red bars). Scale bars, 20 pm. * indicates
statistical difference (p < 0.05) with the control—0%.
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In the second stage of the current series of experiments, we decided to verify the
physiological parameters of H. pylori during exposure to low concentrations of SGF when
STF was used as a primary culture medium (Figure 4). We hoped that this type of procedure
would make it easier to interpret the results, due to the reduction in the amount of culture
media components and potential factors that could influence the observations. Indeed,
this management confirmed that the use of low concentrations of SGF (max 1%) had
a beneficial effect on the biological parameters we assessed. Again, we were able to
confirm that a 3-day incubation resulted in a greater amount of biofilm formation of H.
pylori than a 7-day culture period. Interestingly, unlike the previous culture conditions
(BHI + 5% FCS + 0-2% SGF), in the current culture conditions concentrations between 0.2%
and 1% SGF did not negatively affect the viability readings. We suspect that in culture media
with a very rich chemical composition, the availability of substances allows for the intensive
accumulation of biofilm matrix (including eDNA) [52] and therefore may be associated with
a greater risk of misinterpreting the viability of biofilm cells. Nevertheless, observations of
the current series of experiments confirmed our suspicions that 1% SGF had no negative
effect on H. pylori viability and that the low green/red fluorescence ratio detected in our
previous experiments resulted from eDNA accumulation in the biofilm matrix.
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Figure 4. Assessment of the impact of a one-week culture on the physiological parameters of H. pylori
2CML in STF and the concentration gradient of SGF (0-2%, with 0.2% intervals). An increasing concen-
tration of SGF is marked by the intensified gray of bars. (A) Autoaggregation measured microscopically
by estimating the degree of the observation field coverage, nn = 3. (B) Biofilm formation determined
by a crystal violet staining method and spectrophotometric measurements, n = 9. (C) Viability of
bacterial cells determined by fluorescent staining with a LIVE/DEAD kit and a ratio of green/red
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fluorescence, n = 3. (D) Density of planktonic cells assessed by spectrophotometry, n = 9. (E) A set
of images showing the growth of H. pylori 2CML under the most optimal conditions of the current
model—STF + 1% SGF (marked with red bars). Scale bars, 20 um. * indicates statistical difference
(p < 0.05) with the control—0%. Because of the low values for all the physiological parameters during
1- and 2-day cultures, these data were not recorded.

2.4. Summary of the Impact of STF and SGF on the H. pylori Physiology

Summarizing the results of a series of detailed experiments aimed at determining
the most favorable in vitro conditions stimulating biofilm formation by H. pylori in an
environment imitating the gastric milieu (Figures 1-4), we have shown that the use of STF as
a basic culture medium together with 8% FCS and 1% SGF is the most optimal to achieving
our research goal and will be applied in the next stages of our experimental analyses. In
this context, it is worth mentioning that although artificial media (e.g., BHI) supplemented
with simulated human fluids (STF and SGF) can intensify the biofilm formation of H.
pylori even more, their nutritional richness and the resulting strong stimulation of bacterial
proliferation have little in common with the conditions encountered by bacteria in vivo
and will therefore be rejected at this stage of research.

2.5. Selection of a Gastric Cell Line

To further improve our research model and increase the similarity to conditions
encountered by H. pylori in the stomach, in the next step we decided to focus on obtaining
a co-culture of this bacterium with a gastric cell line. At this point, we were faced with a
decision to choose the most appropriate among the many that were commonly available.
The most important criterion that guided us when selecting the cell line for the current
study was the profile of mucins produced. Numerous literature data show that one of
the primary receptors on the gastric mucosa for H. pylori is MUCS5AC [53], while during
infection caused by this bacterium, a strong decrease in the amount of this mucin in favor
of an increase in MUC5B and MUCS6 is observed [54]. As a result of our preview of data
on phenotypic features presented by various gastric cell lines, we decided that KATO III
(HTB-103) would be the most suitable for the current model. The cells constituting this
line were first obtained in 1978 from a 55-year-old patient with a gastric signet ring cell
adenocarcinoma [55]. In the study by Matsuda et al., it was observed that among the
tested gastric cell lines, only KATO III showed a decrease in MUC5AC expression as a
result of exposure to H. pylori in vitro [56]. Additionally, in another study comparing two
cell lines, AGS and KATO III, it was noticed that they presented low and high levels of
MUCSB expression, respectively [57]. The results presented above highlight similarity
in the mucin profile between KATO III cultured in in vitro conditions [56,57] and gastric
mucosa reported in vivo [54]. Therefore, in the present research of our team, we decided to
choose this cell line.

2.6. Establishment of H. pylori Co-Culture with KATO III in a Semi-Permeable Membrane Model

In the first step of this series of experiments, we set out to determine whether the
KATO III line is able to grow and form a uniform monolayer when cultivated in conditions
resembling the stomach environment. For this purpose, we performed a pilot culture of
these cells in STF supplemented with either 10% or 20% of Fetal Bovine Serum (FBS). We
noticed that in both cases, the cells of this line multiply; however, faster obtaining of the
proper confluence was achieved in the STF + 20% FBS medium. Therefore, in the next
experimental stages, we decided to incubate KATO III in these conditions.

Knowing the culture conditions of H. pylori and KATO III, in the next stage we
attempted to obtain a co-culture of both using a semi-permeable membrane model. Ac-
cording to the literature [58], porous semi-permeable membranes are a very important tool
in achieving the proper growth of cell lines. This property is closely connected with an
ability to achieve compartmentalization, allowing for the use of different culture media
from the apical and basolateral sides. Additionally, apart from optimizing the growth
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of cell lines, this system also facilitates suitable cell imaging without disturbing delicate
cell—cell interactions.

Keeping in mind the benefits of using the culture on semi-permeable membranes,
we applied a two-stage system to obtain a co-culture of bacterial cells with a gastric cell
line (Figure 5). In the first stage, we incubated KATO III for 3 days on semi-permeable
membranes, where these cells had access to STF + 20% FBS medium from both the apical and
basolateral sides. This procedure was aimed at obtaining an optimal growth of KATO III on
the semi-permeable membranes. In the second stage, the medium along with the unadhered
cells from the apical side was removed and replaced with STF + 8% FCS + 1% SGF medium
containing a suspension of H. pylori. Such a system was cultured for another 3 days to
obtain an appropriate bacteria—gastric cell interaction. The undoubted advantage of using
the compartmentalization of culture media in this system was the possibility of creating
a gradient of chemical conditions, i.e., more acidic and nutrient-poor from the apical
side, while more pH-neutral and rich in nutritional composition from the basolateral side.
This type of approach correctly reflects the physicochemical conditions encountered by H.
pylori in the stomach and forces this bacterium to activate chemotactic reactions towards
the gastric cell line (chemoattractant towards the source of nutrients and chemorepellent
towards the acidic environment) [43,59].

Fluorescence observations of semi-permeable membranes containing a co-culture of
KATO III with H. pylori 2CML proved the development of biofilm of this bacterium on the
surface of gastric cells (Figure 5). Interestingly, the assessment of co-localization of bacteria
with cellular components of KATO III (cell nucleus with a more central localization and
mucins with a more peripheral location) did not show significant differences (Figure S1),
indicating that after a 3-day co-culture period the localization of H. pylori may be more of
a random character (Figure S1). Nevertheless, as for now we are not able to clearly reject
the possibility that perhaps at earlier stages of co-culture (e.g., lasting several hours), the
localization of H. pylori on KATO III cells might be more structured. To further confirm
the presence of H. pylori on the surface of KATO III lines growing on semi-permeable
membranes, we performed ultrastructure imaging using SEM (Figure 5). This approach
confirmed the presence of bacterial aggregates on the surface of the gastric cell line.

To sum up, using a co-culture system on semi-permeable membranes, we managed to
achieve a proper growth of the KATO III monolayer with the H. pylori biofilm on its surface
in culture media imitating the stomach environment (Figure 5).

2.7. Establishment of H. pylori Co-Culture with KATO III in a Microfluidic Model

In the last series of experiments of the current article, we decided to verify the use-
fulness of a system generating microfluidic conditions as an alternative to culturing H.
pylori with KATO III in a semi-permeable membrane model. Microfluidics is a technology
dealing with systems that analyze biological and /or physicochemical phenomena occur-
ring in small volumes of fluids flowing through microscale channels or chambers [60-62].
The advantages of this system include a low consumption of reagents, high throughput,
and increased ability to control environmental conditions, all of which in turn positively
affect the possibility to analyze cell—cell interactions [60]. One of the pieces of equipment
allowing for this type of capability is the Bioflux platform [63]. In the recent research of
our team [16], for the first time in the world, this system was successfully used to validate
the methodology of H. pylori biofilm formation in microfluidic conditions. Therefore, in
the current research, we attempted to establish a co-culture of H. pylori with KATO III in
microfluidic conditions generated by the Bioflux system.
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Figure 5. Representative images showing a co-culture between H. pylori 2CML and KATO III cells
growing on semi-permeable membranes in host-mimicking fluids. (A) A set of images obtained
by fluorescence microscopy with different components of the co-culture model being stained (FM
1-43 to visualize bacterial biomass (biofilm), DAPI to show cell nuclei of eukaryotic cells, and WGA-
conjugated Texas Red to indicate the presence of mucus glycoproteins (mucins)). Scale bars, 20 pm.
(B) A set of images obtained by scanning electron microscopy. On the top, a control constituting
non-infected KATO III cells; on the bottom, a co-infection of KATO III with H. pylori 2CML, where
red arrows indicate areas of biofilm development. Scale bars, 20 pm.

Our pilot attempts to obtain a uniform monolayer of KATO III cells in the micro-
capillaries of the Bioflux system were unsatisfactory. In this context, different incubation
periods (1-3 days) and different adhesion modes (constant-flow or flow-adhesion-flow)
were checked. It turned out that despite an initial obtainment of a relatively good degree
of microcapillary coverage, consecutive hours contributed to cellular detachment and a
collision-dependent removal of subsequent cells located in the more distal fragments of
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the microcapillaries. The most probable cause of the above phenomenon is the occur-
rence of three phenotypes of KATO III cells, i.e., adherent, non-adherent, and spheroidal
clusters, which can transform into one another [64]. We suspect that in the microfluidic
growth model of KATO III cells, the non-adherent and spheroidal cluster phenotypes were
responsible for these events.

Nevertheless, willing to investigate the usability of microfluidics in assessing the
formation of H. pylori biofilm on the surface of KATO III cells, we decided to continue
the analysis despite the impossibility of obtaining a uniform monolayer of gastric cells in
microcapillaries. Time-lapse analysis of the microscopic images of microcapillaries with
attached KATO III cells showed the gradational development of H. pylori biofilm attached to
these gastric cells (Figure 6, and Videos S1 and S2). Especially after a one-day co-culture, it
was visible that KATO III cells constituted the primary sites for adhesion of H. pylori, which
was able to form long tongue-shaped biofilm structures as a result of clonal multiplication
and shear flow pressure.

B

12h 24 h 24 h

Figure 6. Representative images showing a co-culture between H. pylori 2CML and KATO III cells
growing in microfluidic conditions in host-mimicking fluids. (A) Time-dependent development
of H. pylori biofilm attached to KATO III cells. (B) An image showing a one-day co-culture with a
marking of specific components of this model, where red circles indicate KATO III cells and yellow
dashed lines highlight areas of the development of H. pylori biofilm, being in close contact with these
cells. Scale bars, 20 um. To see stacked time-lapse sequences from the above experiments, please see
Videos S1 and S2.

In summary, using a microfluidic culture system, we were able to observe an intimate
bacteria—gastric cell interaction during the development of H. pylori biofilm in microfluidic
conditions and culture media imitating the stomach environment (Figure 6). Despite the
above observations, due to the impossibility of obtaining a monolayer of KATO III cells in
microfluidic conditions, in future studies applying this type of an experimental model, we
propose the use of another gastric cell line with a strong adhesive phenotype.

3. Materials and Methods
3.1. Storage and Revival of H. pylori

For the establishment of the current research model, a clinical multidrug-resistant H.
pylori 2CML strain was chosen. This isolate belongs to the collection of the Department of
Microbiology of the Wroclaw Medical University and was primarily characterized during
our previous studies [16]. The stock culture of the strain was maintained in 30:70 glycerol-
Tryptic Soy Broth (TSB; Oxoid, Dardilly, France) at —80 °C, until experiments were carried
out. Regrowth of the stain after thawing was performed by spreading the bacteria on
Columbia agar plates (Difco, Lublin, Poland) with 10% horse blood (GRASO, Starogard
Gdanski, Poland). Such plates were cultured for 3 days at 37 °C in a microaerophilic atmo-
sphere (5% O, 15% CO,, 80% Nj; generated by Genbox microaer kits, BioMerieux, Marcy
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I’Etoile, France). Then, to obtain the required physiological activity, the strain was inoculated
onto fresh agar plates and incubated for another 3 days under identical conditions.

3.2. Influence of the Composition of Culture Media on the Physiology of H. pylori

The assessment of the impact of various culture media on the physiological parame-
ters of H. pylori was performed using broth cultures in 24-well ventilated titration plates
(Bionovo, Legnica, Poland). The primary control medium consisted of BHI (Oxoid, Dardilly,
France) with 5% FCS (Gibco, Paisley, Scotland, UK), which constitutes one of the classically
used media in the biofilm development of H. pylori, as reported by our team [17,65] and
others [66,67]. STF (BZ279; BioChemazone, Edmonton, AB, Canada; Figure S2) and SGF
(BZ175; BioChemazone; Figure S3) were chosen as host-mimicking fluids. A selection of
these two was associated with the fact that the production of these fluids is physiologically
connected with the gastric mucosa [32,40,41], a place colonized by H. pylori [33,34]. The
pH values of BHI + 5% FCS, STF, and SGF were 7.0, 7.4, and 1.6, respectively. Changes in
the composition of the tested culture media (see below) influenced their final pH values,
which were monitored using a pH meter (Mettler Toledo S.p.A., Milan, Italy). For the
precise data regarding the pH values of the examined media, see Figure S4. The tested
culture media variants included BHI + 5% FCS with a concentration gradient of STF (0-10%;
with 1% intervals), BHI + 5% FCS with a concentration gradient of SGF (0-2%; with 0.2%
intervals), STF with a concentration gradient of FCS (0-10%; with 1% intervals), and STF
with a concentration gradient of SGF (0-2%; with 0.2% intervals).

In each of the above variants, the wells of titration plates were filled with a final
volume of 1 mL of the tested culture medium along with a H. pylori suspension with a
final density of 107 CFU/mL. The titration plates prepared in this way were subjected to
a 3-day incubation at 37 °C, microaerophilic conditions, and shaking at 100 rpm (MaxQ
6000, ThermoFisher, Waltham, MA, USA). After the designated incubation period, four
parameters were analyzed each time: optical density of planktonic cells, viability of bacteria,
degree of autoaggregation, and biofilm formation.

The optical density of planktonic forms was assessed spectrophotometrically [17,68].
For this purpose, 0.2 mL of a bacterial susception was taken from each well of a 24-well
titration plate containing a bacterial culture and transferred to a 96-well microtiter plate
(Bionovo, Legnica, Poland). The optical density reading was performed at OD = 600 nm
using an Asys UVM 340 microplate reader (Biochrom Ltd., Cambridge, UK). Each time, the
values of negative controls (pure culture medium without bacteria) were subtracted from
the values of the remaining samples. Measurements were performed in three biological
repetitions with three technical replications (n = 9).

The viability of bacterial cells and the degree of autoaggregation were assessed using
fluorescent staining and microscopic observations [16,17,69]. In this context, 0.1 mL of a
bacterial suspension was taken from each well of the 24-well titration plate containing a
bacteria culture and transferred to Eppendorf tubes (Bionovo, Legnica, Poland). Bacterial
cultures were centrifuged for 10 min at 8000x g (Gusto High-Speed Mini Centrifuge;
Heathrow Scientific LLC, Vernon Hills, IL, USA). The supernatant from each Eppendorf
tube was discarded and the bacterial pellet was suspended in 0.1 mL of a 0.85% NaCl
solution. Then, 0.6 pL of a mix of both dyes (1:1 ratio) from the LIVE/DEAD kit (L10316,
ThermoFisher, Waltham, MA, USA) was added to each Eppendorf tube. The Eppendorf
tubes with bacteria were stored in the dark at room temperature for 15 min to allow for
adequate penetration of the dyes. After this time, 20 uL was taken from each Eppendorf
tube and spotted on glass slides, which were then subjected to observations using a Carl
Zeiss inverted fluorescence microscope (Zeiss GmbH, Jena, Germany). Post-microscopic
analysis of the obtained photographs was performed using the ImageJ software version
1.54j. Autoaggregation was interpreted as the degree of bacterial coverage of the observation
field, while the bacterial viability was calculated based on the ratio of the intensity of green
fluorescence (live cells) to red fluorescence (dead or damaged cells). Measurements of both
parameters were made in three independent biological repetitions (1 = 3).
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The amount of biofilm formed was assessed by a crystal violet staining and spec-
trophotometry [16,17,69]. From each well of a 24-well titration plate containing a bacterial
culture, the remaining bacterial suspension was removed. Next, the wells of the titration
plate were washed with 1 mL of PBS (Merck, St. Louis, MO, USA), dried, and stained with
1 mL of a 0.1% crystal violet solution (Merck) for 15 min. After this step, the remaining
solution of crystal violet was discarded, the wells were washed twice with PBS, dried,
and flushed with 1 mL of 96% ethanol (Stanlab, Lublin, Poland). The titration plate was
left for another 15 min incubation to dissolve the crystal violet adsorbed in the H. pylori
biofilm. Then, 0.2 mL of this solution was taken from each well of the 24-well titration plate
and transferred to a 96-well microtiter plate. The absorbance of the samples was read at
a wavelength of OD = 590 nm using an Asys UVM 340 microplate reader. Each time, the
values of negative controls (pure culture medium without bacteria) were subtracted from
the values of the remaining samples. Measurements were performed in three biological
repetitions with three technical replications (n = 9).

3.3. Storage and Revival of KATO III

The human gastric cancer cell line KATO III (HTB-103) was obtained from the Ameri-
can Type Culture Collection and stored deep-frozen in the vapor phase of liquid nitrogen.
To revitalize the cells, the content of the vial was transferred to Iscove’s Modified Dulbecco’s
Medium (IMDM; ATCC, Manassas, VA, USA) supplemented with 20% FBS (Biowest, Nu-
aillé, France), a 1:9 mix of 100 U/mL penicillin solution with 100 ug/mL streptomycin
solution (both from Merck KGaK, Darmstadt, Germany). After revival, the cells were
subjected to centrifugation with a speed of 125x g for 7 min, and the obtained sediment
was gently suspended in a fresh medium and transferred to a culture bottle (Bionovo).
Incubation was carried out at 37 °C in a humidified incubator in conditions enriched
with 5% CO; (Heracell 150i, ThermoFisher, Waltham, MA, USA), together with changing
the medium to a fresh one every 3—4 days until obtaining a monolayer with 70-80% of
confluence. For experiments, the cells coming from the 5th and 6th passages were used.

3.4. Co-Culture of H. pylori with KATO Il in a Semi-Permeable Membrane Model

To obtain a co-culture of H. pylori with KATO III in static conditions, a semi-permeable
membrane system (Millicell Hanging Cell Culture Insert, PET 0.4 um, 24-well, Merck)
was applied [70]. A 0.4 mL solution of STF + 20% FBS with KATO III cells (2 X 10°) was
added into the upper chamber, while the lower compartment (constituting the well of a
24-titration plate) was filled with 0.6 mL of the same medium without the cells. After a
3-day incubation at 37 °C and in conditions enriched with 5% CO,, the culture medium
from the upper chamber was replaced with 0.4 mL of STF + 8% FCS + 1% SGF medium
containing a suspension of H. pylori (107 CFU/mL). Such a system was incubated for
another 3 days in 37 °C and microaerophilic conditions to allow for the development of H.
pylori biofilm. After this period, the medium from the upper chamber of the inserts was
discarded and the semi-permeable membranes were directed for two types of microscopic
examinations, i.e., fluorescent and scanning electron microscopy (SEM).

For fluorescent microscopy, the semi-permeable membranes coming from the inserts
were cut out with a scalpel and placed on glass slides. Then, they were stained with 20 uL of
a saline solution with a mixture of fluorescent dyes: FM 1-43 (green fluorescence; 0.5% v/v),
DAPI (blue fluorescence; 1% v/v), and WGA-conjugated Texas Red (red fluorescence; 1%
v/v) (all from ThermoFisher, Waltham, MA, USA) to visualize the biofilm [71], eukary-
otic nuclei [72], and mucus glycoproteins (mucins) [73,74], respectively. Observations
were performed using a Carl Zeiss inverted fluorescence microscope. Using the Bioflux
Montage software version 7.10.3.390 (Fluxion, San Francisco, CA, USA), the degrees of bac-
teria/eukaryotic nuclei and bacteria/mucins co-localizations were counted. Measurements
were performed in three biological repetitions with three technical replications (1 = 9).

For SEM, the methodology of sample preparation and observation was similar to the
previous one of our team [16,17]. The whole inserts were flooded gently with 1 mL of a 2.5%
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solution of glutaraldehyde (Merck) and incubated for one day at 4 °C. After fixation, the
inserts were washed three times in 0.1 M cacodylate buffer (Merck) and passed through an
increasing ethanol concentration gradient (30%, 50%, 70%, 90%, and 99.8%). After this pro-
cedure, the semi-permeable membranes were cut out with a scalpel. The obtained samples
were sputtered with a carbon layer (EM ACE600, Leica Microsystems, Wetzlar, Germany)
and observed with a Scanning Electron Microscope Auriga 60 (Oberkochen, Germany).

3.5. Co-Culture of H. pylori with KATO Il in a Microfluidic System

To obtain a co-culture of H. pylori with KATO III in microfluidic conditions, the
Bioflux 1000Z (Fluxion, San Francisco, CA, USA) was applied [16,75]. This equipment
was additionally combined with a Carl Zeiss inverted fluorescence microscope and a
Pecton environmental chamber XL S1 (Carl Zeiss, Jena, Germany), allowing for real-
time observations and maintenance of the desired temperature and gaseous conditions,
respectively. All experiments were performed at 37 °C and microaerophilic atmosphere.

Several attempts were made to establish a proper growth of KATO III cells in the
microchannels in microfluidic culture conditions (different incubation periods of the initial
adhesion and different flow modes). A validated procedure allowing for the most suitable
growth is as follows.

Initially, all microchannels of 48-well microfluidic plates (Fluxion, San Francisco, CA,
USA) were unblocked with a strong stream of STF + 20% FBS (10 dyne/cm? for 10 s). After
this, both the input and output wells were emptied, and the input wells were re-filled with
20 pL of 100 pg/mL fibronectin solution (Merck, Taufkirchen, Germany). The flow of the
medium was directed toward the output wells with a speed rate of 1 dyne/cm? for 1 min.
Next, the microfluidic plate was left for 60 min to permit the microchannels to absorb
fibronectin. After this step, the microchannels were washed at a speed of 10 dyne/cm? for
10 s with 0.1 mL of STF + 20% FBS to clear away any unbonded fibronectin. The output
wells were emptied and re-filled with 0.1 mL of STF + 20% FBS containing KATO III cells
(107 cells/mL), and an output-to-input medium flow of 5 dyne/cm? was switched on for
5s. Then, the flow was stopped, and the cells were left for a 4 h incubation to allow for their
adhesion to the microchannels. Thereafter, 1 mL of STF + 20% FBS was added to each input
well and the input-to-output medium flow with a speed of 0.1 dyne/cm? was activated
for 24 h. Ater a one-day incubation, all the wells were emptied, and the input wells were
re-filled with 1 mL of STF + 8% FCS + 1% SGF medium containing a suspension of H.
pylori (107 CFU/mL). In the control samples, a pure culture medium without bacteria was
added. Next, the input-to-output medium flow at a speed of 0.1 dyne/cm? was activated
for another 24 h. During this process, photographs of the microchannels were automatically
taken at each hour. The experiments were performed in two biological repetitions with
three technical replications (constituting images from different microchannels” fragments)
(n=6).

3.6. Statistical Analysis

The statistical package R version 4.1.2 was used for data analysis. The data distribution
in each group was tested using the Shapiro-Wilk test. The statistical significance of data
within and between groups was first determined by the non-parametric Kruskal-Wallis
test with the Holm correction for multiple comparison using the package “agricolae” for
“kruskal” function. To perform the post-hoc analysis, Dunn’s test with Bonferroni correction
was applied. For all tests, RStudio and a significance level of o« = 0.05 were used.

4. Conclusions

In the current research, we proved the usability of host-mimicking fluids both as
primary culture media or as stimulators of autoaggregation and biofilm formation of H.
pylori. We believe that the data presented in this original article may encourage scientists to
intensify research on H. pylori biofilm in in vitro conditions simulating the gastric environ-
ment. These conditions are more similar to those prevailing in the human body and, thus,
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the results obtained will be more relevant to the real-life scenario. We trust that our model
developed herein is highly applicable and can be used in many research sectors that focus
on these bacteria, including deepening the knowledge on the physiological behaviors of H.
pylori or H. pylori-gastric cell interactions as well as in the search for more optimal anti-H.
pylori therapies.

Supplementary Materials: The supporting information can be downloaded at https://www.mdpi.
com/article/10.3390/ijms25189839/s1.

Author Contributions: PK. designed the research. PK. performed all microbiological experiments.
PK. performed fluorescence microscopy visualization. PK. and B.K. performed post-microscopy
analysis of photographs. P.M. performed the statistical analysis and electron microscopy visualization.
A.D.-M. maintained the culture of a gastric cell line. PK. and A.D.-M. performed co-culture infection
models. PK. analyzed the data. PK. prepared graphics. PK. wrote an original draft of the manuscript.
PK., BK., PM. and A.D.-M. revised and edited the manuscript. P.K. acquired the funding. PK.
supervised the work. All authors have read and agreed to the published version of the manuscript.

Funding: This study was supported by the Wroclaw Medical University grant number SUBK.A130.23.057.
The Bioflux system was funded by the National Center for Research and Development (NCBiR) No.
IA/SP/453975/2020. The funders had no role in the study design, data collection, and analysis,
decision to publish, or preparation of the manuscript.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Malfertheiner, P.; Camargo, M.C.; EI-Omar, E.; Liou, ].M.; Peek, R.; Schulz, C.; Smith, S.I.; Suerbaum, S. Helicobacter pylori Infection.
Nat. Rev. Dis. Primers 2023, 9, 19. [CrossRef] [PubMed]

2. Roberts, L.T.; Issa, PP; Sinnathamby, E.S.; Granier, M.; Mayeux, H.; Eubanks, T.N.; Malone, K.; Ahmadzadeh, S.; Cornett, E.M.;
Shekoohi, S.; et al. Helicobacter pylori: A Review of Current Treatment Options in Clinical Practice. Life 2022, 12, 2038. [CrossRef]

3.  Boyanova, L.; Hadzhiyski, P.; Gergova, R.; Markovska, R. Evolution of Helicobacter pylori Resistance to Antibiotics: A Topic of
Increasing Concern. Antibiotics 2023, 12, 332. [CrossRef]

4. Rokkas, T.; Ekmektzoglou, K. Advances in the Pharmacological and Regulatory Management of Multidrug Resistant Helicobacter
pylori. Expert Rev. Clin. Pharmacol. 2023, 16, 1229-1237. [CrossRef] [PubMed]

5. Mladenova, I. Epidemiology of Helicobacter pylori Resistance to Antibiotics (A Narrative Review). Antibiotics 2023, 12, 1184.
[CrossRef]

6. Dascalu, R.L; Bolocan, A.; Pdduaru, D.N.; Constantinescu, A.; Mitache, M.M.; Stoica, A.D.; Andronic, O. Multidrug Resistance in
Helicobacter pylori Infection. Front. Microbiol. 2023, 14, 1128497. [CrossRef] [PubMed]

7. Moss, S.F; Shah, S.C.; Tan, M.C.; El-Serag, H.B. Evolving Concepts in Helicobacter pylori Management. Gastroenterology 2024, 166,
267-283. [CrossRef] [PubMed]

8.  Tshibangu-Kabambea, E.; Yamaoka, Y. Helicobacter pylori Infection and Antibiotic Resistance—From Biology to Clinical Implications.
Nat. Rev. Gastroenterol. Hepatol. 2021, 18, 613-629. [CrossRef]

9.  Zhao, A; Sun, J; Liu, Y. Understanding Bacterial Biofilms: From Definition to Treatment Strategies. Front. Cell. Infect. Microbiol.
2023, 13, 1137947. [CrossRef]

10. Flemming, H.C.; van Hullebusch, E.D.; Neu, T.R.; Nielsen, P.H.; Seviour, T.; Stoodley, P.; Wingender, J.; Wuertz, S. The Biofilm
Matrix: Multitasking in a Shared Space. Nat. Rev. Microbiol. 2022, 21, 70-86. [CrossRef]

11.  Krzyzek, P; Grande, R.; Migdat, P; Paluch, E.; Gosciniak, G. Biofilm Formation as a Complex Result of Virulence and Adaptive
Responses of Helicobacter pylori. Pathogens 2020, 9, 1062. [CrossRef] [PubMed]

12.  Hathroubi, S.; Servetas, S.L.; Windham, I.; Merrell, D.S.; Ottemann, K.M. Helicobacter pylori Biofilm Formation and Its Potential
Role in Pathogenesis. Microbiol. Mol. Biol. Rev. 2018, 82, e00001-18. [CrossRef] [PubMed]

13. Rizzato, C; Torres, J.; Kasamatsu, E.; Camorlinga-Ponce, M.; Bravo, M.M.; Canzian, F,; Kato, I. Potential Role of Biofilm Formation
in the Development of Digestive Tract Cancer with Special Reference to Helicobacter pylori Infection. Front. Microbiol. 2019, 10, 846.
[CrossRef] [PubMed]

14. Elshenawi, Y.; Hu, S.; Hathroubi, S. Biofilm of Helicobacter pylori: Life Cycle, Features, and Treatment Options. Antibiotics 2023,

12,1260. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms25189839/s1
https://www.mdpi.com/article/10.3390/ijms25189839/s1
https://doi.org/10.1038/s41572-023-00431-8
https://www.ncbi.nlm.nih.gov/pubmed/37081005
https://doi.org/10.3390/life12122038
https://doi.org/10.3390/antibiotics12020332
https://doi.org/10.1080/17512433.2023.2282061
https://www.ncbi.nlm.nih.gov/pubmed/37937850
https://doi.org/10.3390/antibiotics12071184
https://doi.org/10.3389/fmicb.2023.1128497
https://www.ncbi.nlm.nih.gov/pubmed/36922977
https://doi.org/10.1053/j.gastro.2023.09.047
https://www.ncbi.nlm.nih.gov/pubmed/37806461
https://doi.org/10.1038/s41575-021-00449-x
https://doi.org/10.3389/fcimb.2023.1137947
https://doi.org/10.1038/s41579-022-00791-0
https://doi.org/10.3390/pathogens9121062
https://www.ncbi.nlm.nih.gov/pubmed/33353223
https://doi.org/10.1128/MMBR.00001-18
https://www.ncbi.nlm.nih.gov/pubmed/29743338
https://doi.org/10.3389/fmicb.2019.00846
https://www.ncbi.nlm.nih.gov/pubmed/31110496
https://doi.org/10.3390/antibiotics12081260

Int. J. Mol. Sci. 2024, 25, 9839 16 of 18

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.

40.

41.

42.

Hou, C,; Yin, E; Wang, S.; Zhao, A.; Li, Y,; Liu, Y. Helicobacter pylori Biofilm-Related Drug Resistance and New Developments in
Its Anti-Biofilm Agents. Infect. Drug Resist. 2022, 15, 1561-1571. [CrossRef]

Krzyzek, P,; Migdal, P; Grande, R.; Gosciniak, G. Biofilm Formation of Helicobacter pylori in Both Static and Microfluidic Conditions
Is Associated with Resistance to Clarithromycin. Front. Cell. Infect. Microbiol. 2022, 12, 868905. [CrossRef]

Krzyzek, P; Migdat, P.; Gosciniak, G. Impact of Sub-Inhibitory Concentrations of Antibiotics on the Biofilm Development of
Helicobacter pylori. Abstr. Microb. Health Dis. 2023, 5, €857, P06.01.

Yonezawa, H.; Osaki, T.; Hojo, F.; Kamiya, S. Effect of Helicobacter pylori Biofilm Formation on Susceptibility to Amoxicillin,
Metronidazole and Clarithromycin. Microb. Pathog. 2019, 132, 100-108. [CrossRef]

Hathroubi, S.; Zerebinski, J.; Clarke, A.; Ottemann, K.M. Helicobacter pylori Biofilm Confers Antibiotic Tolerance in Part via a
Protein-Dependent Mechanism. Antibiotics 2020, 9, 355. [CrossRef]

Fauzia, K.A.; Miftahussurur, M.; Syam, A.F,; Waskito, L.A.; Doohan, D.; Rezkitha, Y.A.A.; Matsumoto, T.; Tuan, V.P.; Akada, J.;
Yonezawa, H.; et al. Biofilm Formation and Antibiotic Resistance Phenotype of Helicobacter pylori Clinical Isolates. Toxins 2020,
12,473. [CrossRef]

Wu, X,; Wu, D,; Cui, G.; Lee, KH.; Yang, T.; Zhang, Z.; Liu, Q.; Zhang, J.; Chua, E.G.; Chen, Z. Association Between Biofilm
Formation and Structure and Antibiotic Resistance in H. pylori. Infect. Drug Resist. 2024, 17, 2512. [CrossRef] [PubMed]
Cammarota, G.; Branca, G.; Ardito, F.; Sanguinetti, M.; Ianiro, G.; Cianci, R.; Torelli, R.; Masala, G.; Gasbarrini, A.; Fadda, G.; et al.
Biofilm Demolition and Antibiotic Treatment to Eradicate Resistant Helicobacter pylori: A Clinical Trial. Clin. Gastroenterol. Hepatol.
2010, 8, 817-820.e3. [CrossRef] [PubMed]

Lebeaux, D.; Chauhan, A.; Rendueles, O.; Beloin, C. From In Vitro to In Vivo Models of Bacterial Biofilm-Related Infections.
Pathogens 2013, 2, 288-356. [CrossRef] [PubMed]

Vyas, HK.N.; Xia, B.; Mai-Prochnow, A. Clinically Relevant In Vitro Biofilm Models: A Need to Mimic and Recapitulate the Host
Environment. Biofilm 2022, 4, 100069. [CrossRef] [PubMed]

Mukherjee, P; Roy, S.; Ghosh, D.; Nandi, S.K. Role of Animal Models in Biomedical Research: A Review. Lab. Anim. Res. 2022, 38,
18. [CrossRef]

Ersoy, S.C.; Heithoff, D.M.; Barnes, L.; Tripp, G.K.; House, ] K.; Marth, J.D.; Smith, ].W.; Mahan, M.]. Correcting a Fundamental
Flaw in the Paradigm for Antimicrobial Susceptibility Testing. EBioMedicine 2017, 20, 181. [CrossRef]

Belanger, C.R.; Hancock, R.E.W. Testing Physiologically Relevant Conditions in Minimal Inhibitory Concentration Assays. Nat.
Protoc. 2021, 16, 3761-3774. [CrossRef]

O’Gara, E.A.; Maslin, D.J.; Nevill, A.M.; Hill, D.]J. The Effect of Simulated Gastric Environments on the Anti-Helicobacter Activity
of Garlic Oil. ]. Appl. Microbiol. 2008, 104, 1324-1331. [CrossRef]

Liu, T,; Chai, S.; Li, M.; Chen, X; Xie, Y.; Zhao, Z.; Xie, J.; Yu, Y,; Gao, F; Zhu, F; et al. A Nanoparticle-Based Sonodynamic Therapy
Reduces Helicobacter pylori Infection in Mouse Without Disrupting Gut Microbiota. Nat. Commun. 2024, 15, 844. [CrossRef]
Holz, C.; Busjahn, A.; Mehling, H.; Arya, S.; Boettner, M.; Habibi, H.; Lang, C. Significant Reduction in Helicobacter pylori Load in
Humans with Non-viable Lactobacillus reuteri DSM17648: A Pilot Study. Probiotics Antimicrob. Proteins 2015, 7, 91-100. [CrossRef]
Celli, ].P; Turner, B.S.; Afdhal, N.H.; Keates, S.; Ghiran, I; Kelly, C.P; Ewoldt, R.H.; McKinley, G.H.; So, P.; Erramilli, S.; et al.
Helicobacter pylori Moves through Mucus by Reducing Mucin Viscoelasticity. Proc. Natl. Acad. Sci. USA 2009, 106, 14321-14326.
[CrossRef]

Henderson, M.A; Gillon, S.; Al-Haddad, M. Organization and Composition of Body Fluids. Anaesth. Intensive Care Med. 2021, 22,
511-517. [CrossRef]

Huang, Y.; Wang, Q.-L.; Cheng, D.-D.; Xu, W.-T.; Lu, N.-H. Adhesion and Invasion of Gastric Mucosa Epithelial Cells by
Helicobacter pylori. Front. Cell. Infect. Microbiol. 2016, 6, 159. [CrossRef] [PubMed]

Johnson, E.M.; Gaddy, ].A.; Cover, T.L. Alterations in Helicobacter pylori Triggered by Contact with Gastric Epithelial Cells. Front.
Cell. Infect. Microbiol. 2012, 2, 17. [CrossRef]

Wood, J.M. Bacterial Responses to Osmotic Challenges. J. Gen. Physiol. 2015, 145, 381-388. [CrossRef] [PubMed]

Pereira, C.S.; Thompson, J.A.; Xavier, K.B. Al-2-Mediated Signalling in Bacteria. FEMS Microbiol. Rev. 2013, 37, 156-181. [CrossRef]
[PubMed]

Anderson, J.K.; Huang, ].Y.; Wreden, C.; Sweeney, E.G.; Goers, J.; Remington, S.J.; Guillemin, K. Chemorepulsion from the
Quorum Signal Autoinducer-2 Promotes Helicobacter pylori Biofilm Dispersal. mBio 2015, 6, €00379. [CrossRef]

Rader, B.A.; Wreden, C.; Hicks, K.G.; Sweeney, E.G.; Ottemann, K.M.; Guillemin, K. Helicobacter pylori Perceives the Quorum-
Sensing Molecule AI-2 as a Chemorepellent via the Chemoreceptor TlpB. Microbiology 2011, 157, 2445-2455. [CrossRef]
Sweeney, E.G.; Nishida, A.; Weston, A.; Bafiuelos, M.S.; Potter, K.; Conery, J.; Guillemin, K. Agent-Based Modeling Demonstrates
How Local Chemotactic Behavior Can Shape Biofilm Architecture. mSphere 2019, 4, e00285-19. [CrossRef]

Martinsen, T.C.; Bergh, K.; Waldum, H.L. Gastric Juice: A Barrier Against Infectious Diseases. Basic Clin. Pharmacol. Toxicol. 2005,
96, 94-102. [CrossRef]

Martinsen, T.C.; Fossmark, R.; Waldum, H.L. The Phylogeny and Biological Function of Gastric Juice—Microbiological Conse-
quences of Removing Gastric Acid. Int. J. Mol. Sci. 2019, 20, 6031. [CrossRef] [PubMed]

Su-Arcaro, C.; Liao, W.; Bieniek, K.; Constantino, M.A.; Decker, S.M.; Turner, B.S.; Bansil, R. Unraveling the Intertwined Effect of
pH on Helicobacter pylori Motility and the Microrheology of the Mucin-Based Medium It Swims in. Microorganisms 2023, 11, 2745.
[CrossRef] [PubMed]


https://doi.org/10.2147/IDR.S357473
https://doi.org/10.3389/fcimb.2022.868905
https://doi.org/10.1016/j.micpath.2019.04.030
https://doi.org/10.3390/antibiotics9060355
https://doi.org/10.3390/toxins12080473
https://doi.org/10.2147/IDR.S468126
https://www.ncbi.nlm.nih.gov/pubmed/38933776
https://doi.org/10.1016/j.cgh.2010.05.006
https://www.ncbi.nlm.nih.gov/pubmed/20478402
https://doi.org/10.3390/pathogens2020288
https://www.ncbi.nlm.nih.gov/pubmed/25437038
https://doi.org/10.1016/j.bioflm.2022.100069
https://www.ncbi.nlm.nih.gov/pubmed/36569981
https://doi.org/10.1186/s42826-022-00128-1
https://doi.org/10.1016/j.ebiom.2017.05.026
https://doi.org/10.1038/s41596-021-00572-8
https://doi.org/10.1111/j.1365-2672.2007.03637.x
https://doi.org/10.1038/s41467-024-45156-8
https://doi.org/10.1007/s12602-014-9181-3
https://doi.org/10.1073/pnas.0903438106
https://doi.org/10.1016/j.mpaic.2021.06.002
https://doi.org/10.3389/fcimb.2016.00159
https://www.ncbi.nlm.nih.gov/pubmed/27921009
https://doi.org/10.3389/fcimb.2012.00017
https://doi.org/10.1085/jgp.201411296
https://www.ncbi.nlm.nih.gov/pubmed/25870209
https://doi.org/10.1111/j.1574-6976.2012.00345.x
https://www.ncbi.nlm.nih.gov/pubmed/22712853
https://doi.org/10.1128/mBio.00379-15
https://doi.org/10.1099/mic.0.049353-0
https://doi.org/10.1128/mSphere.00285-19
https://doi.org/10.1111/j.1742-7843.2005.pto960202.x
https://doi.org/10.3390/ijms20236031
https://www.ncbi.nlm.nih.gov/pubmed/31795477
https://doi.org/10.3390/microorganisms11112745
https://www.ncbi.nlm.nih.gov/pubmed/38004756

Int. J. Mol. Sci. 2024, 25, 9839 17 of 18

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Salama, N.R.; Hartung, M.L.; Miiller, A. Life in the Human Stomach: Persistence Strategies of the Bacterial Pathogen Helicobacter
pylori. Nat. Rev. Microbiol. 2013, 11, 385-399. [CrossRef]

Cheng, H-M.; Mah, K.K.; Seluakumaran, K. Gastric Mucosal Barrier, Helicobacter pylori. In Defining Physiology: Principles, Themes,
Concepts; Springer: Cham, Switzerland, 2020; Volume 2, pp. 19-20, ISBN 978-3-030-62285-5.

Lindén, S.; Mahdavi, J.; Hedenbro, ].; Borén, T.; Carlstedt, I. Effects of pH on Helicobacter pylori Binding to Human Gastric Mucins:
Identification of Binding to Non-MUCS5AC Mucins. Biochem. |. 2004, 384, 270. [CrossRef]

Grande, R.; Di Giulio, M.; Bessa, L.J.; Di Campli, E.; Baffoni, M.; Guarnieri, S.; Cellini, L. Extracellular DNA in Helicobacter pylori
Biofilm: A Backstairs Rumour. J. Appl. Microbiol. 2011, 110, 490-498. [CrossRef] [PubMed]

Hathroubi, S.; Zerebinski, J.; Ottemann, K.M. Helicobacter pylori Biofilm Involves a Multigene Stress-Biased Response, Including a
Structural Role for Flagella. MBio 2018, 9, €01973-18. [CrossRef]

Windham, LH.; Servetas, S.L.; Whitmire, ].M.; Pletzer, D.; Hancock, R.E.-W.; Merrell, D.S. Helicobacter pylori Biofilm Formation Is
Differentially Affected by Common Culture Conditions, and Proteins Play a Central Role in the Biofilm Matrix. Appl. Environ.
Microbiol. 2018, 84, e00391-18. [CrossRef]

Rosenberg, M.; Azevedo, N.E; Ivask, A. Propidium Iodide Staining Underestimates Viability of Adherent Bacterial Cells. Sci. Rep.
2019, 9, 6483. [CrossRef]

Finkel, S.E.; Kolter, R. DNA as a Nutrient: Novel Role for Bacterial Competence Gene Homologs. J. Bacteriol. 2001, 183, 6293.
[CrossRef]

Corbinais, C.; Mathieu, A.; Damke, P.P.; Kortulewski, T.; Busso, D.; Prado-Acosta, M.; Radicella, J.P.; Marsin, S. ComB Proteins
Expression Levels Determine Helicobacter pylori Competence Capacity. Sci. Rep. 2017, 7, 41495. [CrossRef]

Salgar-Chaparro, S.J.; Lepkova, K.; Pojtanabuntoeng, T.; Darwin, A.; Machuca, L.L. Nutrient Level Determines Biofilm Character-
istics and Subsequent Impact on Microbial Corrosion and Biocide Effectiveness. Appl. Environ. Microbiol. 2020, 86, e02885-19.
[CrossRef] [PubMed]

Van de Bovenkamp, ].H.B.; Mahdavi, J.; Korteland-Van Male, A.M.; Biiller, H.A.; Einerhand, A.W.C.; Borén, T.; Dekker, J. The
MUCS5AC Glycoprotein Is the Primary Receptor for Helicobacter pylori in the Human Stomach. Helicobacter 2003, 8, 521-532.
[CrossRef] [PubMed]

Niv, Y. Helicobacter pylori and Gastric Mucin Expression: A Systematic Review and Meta-Analysis. World ]. Gastroenterol. 2015,
21, 9436. [CrossRef] [PubMed]

Sekiguchi, M.; Sakakibara, K.; Fujii, G. Establishment of Cultured Cell Lines Derived from a Human Gastric Carcinoma. Jpn. J.
Exp. Med. 1978, 48, 61-68.

Matsuda, K.; Yamauchi, K.; Matsumoto, T.; Sano, K.; Yamaoka, Y.; Ota, H. Quantitative Analysis of the Effect of Helicobacter pylori
on the Expressions of SOX2, CDX2, MUC2, MUC5AC, MUCS6, TFF1, TFF2, and TFF3 mRNAs in Human Gastric Carcinoma Cells.
Scand. |. Gastroenterol. 2008, 43, 33. [CrossRef]

Perrais, M.; Pigny, P.; Buisine, M.P.; Porchet, N.; Aubert, ].P.; Van Seuningen-Lempire, I. Aberrant Expression of Human Mucin
Gene MUCSB in Gastric Carcinoma and Cancer Cells. Identification and Regulation of a Distal Promoter. J. Biol. Chem. 2001, 276,
15386-15396. [CrossRef]

Chung, H.H.; Mireles, M.; Kwarta, B.J.; Gaborski, T.R. Use of Porous Membranes in Tissue Barrier and Co-Culture Models. Lab
Chip 2018, 18, 1689. [CrossRef]

Johnson, K.S.; Ottemann, K.M. Colonization, Localization, and Inflammation: The Roles of H. pylori Chemotaxis In Vivo. Curr.
Opin. Microbiol. 2018, 41, 51-57. [CrossRef]

Li, R; Lv, X,; Zhang, X.; Saeed, O.; Deng, Y. Microfluidics for Cell-Cell Interactions: A Review. Front. Chem. Sci. Eng. 2016,
10, 90-98. [CrossRef]

Coluccio, M.L.; Perozziello, G.; Malara, N.; Parrotta, E.; Zhang, P.; Gentile, F.; Limongi, T.; Raj, PM.; Cuda, G.; Candeloro, P; et al.
Microfluidic Platforms for Cell Cultures and Investigations. Microelectron. Eng. 2019, 208, 14-28. [CrossRef]

Badilescu, S.; Parimalam, S.S.; Packirisamy, M. Culturing Cells for Life: Innovative Approaches in Macroscopic and Microfluidic
Cultures, with an Emphasis on Stem Cells. Front. Nanotechnol. 2023, 5, 1264498. [CrossRef]

Benoit, M.R.; Conant, C.G.; Ionescu-Zanetti, C.; Schwartz, M.; Matin, A. New Device for High-Throughput Viability Screening of
Flow Biofilms. Appl. Environ. Microbiol. 2010, 76, 4136-4142. [CrossRef] [PubMed]

Shah, S.; Pocard, M.; Mirshahi, M. Targeting the Differentiation of Gastric Cancer Cells (KATO-III) Downregulates Epithelial-
Mesenchymal and Cancer Stem Cell Markers. Oncol. Rep. 2019, 42, 678. [CrossRef] [PubMed]

Spiegel, M.; Krzyzek, P.; Dworniczek, E.; Adamski, R.; Sroka, Z. In Silico Screening and In Vitro Assessment of Natural Products
with Anti-Virulence Activity against Helicobacter pylori. Molecules 2022, 27, 20. [CrossRef] [PubMed]

Yu, J.; Guo, Z; Yan, J.; Bu, C,; Peng, C.; Li, C.; Mao, R.; Zhang, J.; Wang, Z.; Chen, S.; et al. Gastric Acid-Responsive ROS
Nanogenerators for Effective Treatment of Helicobacter pylori Infection without Disrupting Homeostasis of Intestinal Flora. Adv.
Sci. 2023, 10, €2206957. [CrossRef]

Hatasa, R.; Turecka, K.; Mizerska, U.; Krauze-Baranowska, M. Anti-Helicobacter pylori Biofilm Extracts from Rubus idaeus and
Rubus occidentalis. Pharmaceutics 2024, 16, 501. [CrossRef]

Hochvaldova, L.; Posselt, G.; Wessler, S.; Kvitek, L.; Panaéek, A. Implications of Silver Nanoparticles for H. pylori Infection:
Modulation of CagA Function and Signaling. Front. Cell. Infect. Microbiol. 2024, 14, 1419568. [CrossRef]


https://doi.org/10.1038/nrmicro3016
https://doi.org/10.1042/BJ20040402
https://doi.org/10.1111/j.1365-2672.2010.04911.x
https://www.ncbi.nlm.nih.gov/pubmed/21143715
https://doi.org/10.1128/mBio.01973-18
https://doi.org/10.1128/AEM.00391-18
https://doi.org/10.1038/s41598-019-42906-3
https://doi.org/10.1128/JB.183.21.6288-6293.2001
https://doi.org/10.1038/srep41495
https://doi.org/10.1128/AEM.02885-19
https://www.ncbi.nlm.nih.gov/pubmed/31980429
https://doi.org/10.1046/j.1523-5378.2003.00173.x
https://www.ncbi.nlm.nih.gov/pubmed/14535999
https://doi.org/10.3748/wjg.v21.i31.9430
https://www.ncbi.nlm.nih.gov/pubmed/26309370
https://doi.org/10.1080/00365520701579795
https://doi.org/10.1074/jbc.M010534200
https://doi.org/10.1039/C7LC01248A
https://doi.org/10.1016/j.mib.2017.11.019
https://doi.org/10.1007/s11705-015-1550-2
https://doi.org/10.1016/j.mee.2019.01.004
https://doi.org/10.3389/fnano.2023.1264498
https://doi.org/10.1128/AEM.03065-09
https://www.ncbi.nlm.nih.gov/pubmed/20435763
https://doi.org/10.3892/or.2019.7198
https://www.ncbi.nlm.nih.gov/pubmed/31233198
https://doi.org/10.3390/molecules27010020
https://www.ncbi.nlm.nih.gov/pubmed/35011255
https://doi.org/10.1002/advs.202206957
https://doi.org/10.3390/pharmaceutics16040501
https://doi.org/10.3389/fcimb.2024.1419568

Int. J. Mol. Sci. 2024, 25, 9839 18 of 18

69.

70.

71.

72.

73.

74.

75.

Krzyzek, P.; Migdat, P.; Paluch, E.; Karwariska, M.; Wieliczko, A.; Gosciniak, G. Myricetin as an Antivirulence Compound
Interfering with a Morphological Transformation into Coccoid Forms and Potentiating Activity of Antibiotics against Helicobacter
pylori. Int. J. Mol. Sci. 2021, 22, 2695. [CrossRef]

Chen, X.; Chen, W.; Zhao, Y.; Wang, Q.; Wang, W.; Xiang, Y.; Yuan, H.; Xie, Y.; Zhou, J. Interplay of Helicobacter pylori, Fibroblasts,
and Cancer Cells Induces Fibroblast Activation and Serpin E1 Expression by Cancer Cells to Promote Gastric Tumorigenesis. J.
Transl. Med. 2022, 20, 322. [CrossRef]

Hathroubi, S.; Hu, S.; Ottemann, K.M. Genetic Requirements and Transcriptomics of Helicobacter pylori Biofilm Formation on
Abiotic and Biotic Surfaces. npj Biofilms Microbiomes 2020, 6, 56. [CrossRef]

Gajewski, A.; Mnich, E.; Szymanski, K.; Hinc, K.; Obuchowski, M.; Moran, A.P.; Chmiela, M. Helicobacter pylori Antigens,
Acetylsalicylic Acid, LDL and 7-ketocholesterol—Their Potential Role in Destabilizing the Gastric Epithelial Cell Barrier. An In
Vitro Model of Kato III Cells. Acta Biochim. Pol. 2016, 63, 145-152. [CrossRef] [PubMed]

Miyake, K.; Tanaka, T.; McNeil, P.L. Disruption-Induced Mucus Secretion: Repair and Protection. PLoS Biol. 2006, 4, 1525-1531.
[CrossRef] [PubMed]

Schumacher, U.; Duku, M.; Katoh, M.; Jorns, J.; Krause, W.J. Histochemical Similarities of Mucins Produced by Brunner’s Glands
and Pyloric Glands: A Comparative Study. Anat. Rec. A. Discov. Mol. Cell. Evol. Biol. 2004, 278, 540-550. [CrossRef] [PubMed]
Duda-Madej, A.; Kozlowska, J.; Baczyniska, D.; Krzyzek, P. Ether Derivatives of Naringenin and Their Oximes as Factors
Modulating Bacterial Adhesion. Antibiotics 2023, 12, 1076. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.3390/ijms22052695
https://doi.org/10.1186/s12967-022-03537-x
https://doi.org/10.1038/s41522-020-00167-3
https://doi.org/10.18388/abp.2015_1122
https://www.ncbi.nlm.nih.gov/pubmed/26619253
https://doi.org/10.1371/journal.pbio.0040276
https://www.ncbi.nlm.nih.gov/pubmed/16933971
https://doi.org/10.1002/ar.a.20046
https://www.ncbi.nlm.nih.gov/pubmed/15164342
https://doi.org/10.3390/antibiotics12061076

	Introduction 
	Results and Discussion 
	Selection of H. pylori Strain 
	Effect of Simulated Transcellular Fluid (STF) on the Physiology of H. pylori 
	Effect of Simulated Gastric Fluid (SGF) on the Physiology of H. pylori 
	Summary of the Impact of STF and SGF on the H. pylori Physiology 
	Selection of a Gastric Cell Line 
	Establishment of H. pylori Co-Culture with KATO III in a Semi-Permeable Membrane Model 
	Establishment of H. pylori Co-Culture with KATO III in a Microfluidic Model 

	Materials and Methods 
	Storage and Revival of H. pylori 
	Influence of the Composition of Culture Media on the Physiology of H. pylori 
	Storage and Revival of KATO III 
	Co-Culture of H. pylori with KATO III in a Semi-Permeable Membrane Model 
	Co-Culture of H. pylori with KATO III in a Microfluidic System 
	Statistical Analysis 

	Conclusions 
	References

