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In biofilm studies, a stable model is crucial for exploring infection mechanisms, antibiotic resistance, and
evaluating materials’ antibiofilm performance. Cultured biofilms often face challenges, such as slow
maturation or rapid bacteria dispersion. Therefore, developing a stable, mature-stage biofilm model is critical
for effective biofilm research. In this study, we report a beads-in-hydrogel biofilm model, in which sodium
alginate (SA) hydrogel beads that contain bacteria are embedded within a chitosan—cellulose hydrogel film
to simulate natural bacterial biofilms. This model can retain bacteria for a relatively long period of time, pre-
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natural biofilms, providing a reliable platform for exploring infection mechanisms, antibiotic resistance, and
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1 Introduction

A biofilm is a type of bacterial community characterized by strong
antibiotic resistance, vertical gene transfer, and a self-producing
polymer matrix." Research studies on biofilms are crucial across
various fields, including the food industry,” environmental
protection’ and medical research.’ Biofilm infections typically
cause varying degrees of harm to the human body. Consequently,
developing innovative strategies to combat biofilms is essential,
utilizing both in vitro and in vivo models. These models often
involve bacteria like E. coli, P. aeruginosa, and S. aureus, known for
their ability to form biofilms and cause chronic diseases.*

In vitro models have become increasingly valuable compared
to in vivo models due to their controllability, lower costs, and
ability to yield precise data in a controlled environment. In vitro
biofilm models include both two-dimensional (2D) and three-
dimensional (3D) reactor systems.” 2D models are typically
utilized to investigate fundamental mechanisms such as biofilm
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adhesion and growth.”® However, these models are limited
in their ability to replicate the complex microenvironmental
changes that occur during biofilm formation. Consequently,
3D models have gained prominence. These models allow for
the study of dynamic biofilm formation, including the develop-
ment of extracellular polymeric substance (EPS) architecture and
bacterial dynamics within the biofilm.”*

To develop 3D biofilm models, researchers choose appro-
priate scaffolds or substrates, such as hydrogels, alginate
beads, or microfluidic devices, to simulate the natural environ-
ments of biofilms. These substrates are inoculated with bacter-
ial suspensions to initiate biofilm formation, under carefully
controlled conditions, including nutrient flow and shear forces.
Systems such as drip flow reactors or rotating disk reactors are
employed to maintain these conditions.’

Hydrogels are particularly advantageous for constructing 3D
biofilm models due to their high water content and adjustable
mechanical properties, which closely replicate the natural
extracellular matrix of biofilms.® Made from materials like
alginate, agarose, and polyacrylamide, these hydrogels provide
a versatile platform for biofilm cultivation.’® The inclusion
of nutrients, signaling molecules, and other environmental
factors within the hydrogels facilitates the study of biofilm
dynamics, including formation, maturation, and resistance
mechanisms."" These models are essential for testing antimi-
crobial agents, developing new treatment strategies, and explor-
ing the fundamental biology of biofilms. Furthermore, they can
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accommodate multiple bacterial strains, thereby reflecting the
polymicrobial nature of many biofilms associated with chronic
infections."

Despite the advantages of 3D hydrogel-based biofilm
models, challenges remain in fully replicating the natural
conditions of biofilm formation and maintaining the stability
of hydrogel matrices over extended periods. Various methods
have been developed to address specific research needs. One
approach used alginate beads to culture biofilms within an
alginate matrix, allowing growth in three-dimensional space that
mimics deep tissue colonization seen in clinical settings.">"?
However, the stability of alginate hydrogels is limited, and main-
taining biofilm structures over 2 days is difficult. Another method
involves using hydrogels composed of polymers like 3-sulfopropyl
acrylate potassium salt and polyethylene glycol diacrylate, poly-
merized under UV light to create a stable matrix suitable for
studying microbial interactions and testing the efficacy of anti-
microbial agents." Additionally, 3D bioprinting techniques, such
as those explored by Aliyazdi et al., have been used to fabricate
E. coli MG1655 biofilms using a gelatin-alginate hydrogel
as a bioink." This method ensures that biofilm properties are
retained post-printing, as evidenced by various analyses, including
antibiotic susceptibility assays and metabolic profiling, which
demonstrate a high similarity to native biofilms. However, the
poor mechanical stability causes challenges in biofilm transfer
and shape retention. Especially, for long-time cultivation, the
printed hydrogel scaffold will be easily broken down.

Additionally, wound infection models are frequently utilized
in the development of 3D hydrogel biofilm models. For
instance, Thaarup et al. developed a collagen-based, layered
chronic wound biofilm model to simulate the dynamic nutrient
influx and waste exchange of chronic wounds.” This model
uses a gelatin-alginate hydrogel matrix incorporating Staphy-
lococcus aureus and Pseudomonas aeruginosa, cast in transwell
inserts within wound-simulating media. The setup allows for
continuous nutrient and waste exchange, maintaining bacterial
stability and more accurately mimicking the in vivo environ-
ment. However, this model was built based on a semi-solid
environment which may impact the biofilm architecture con-
struction and accuracy of treatment efficacy assessments.

In this research, a long-term bead-in-hydrogel platform is
designed to closely mimic mature-phase biofilms. The design
involves a hierarchy structure achieved by embedding sodium
alginate (SA) hydrogel beads containing bacteria within a
chitosan and cellulose gel film, which effectively inhibits
bacterial migration into the surrounding culture medium. In
the beads-in-hydrogel platform, bacterial hydrogel beads are
formed through ionic crosslinking between SA and calcium
chloride (CaCl,), while the hydrogel films are stabilized via
hydrogen bonding between chitosan and cellulose in an acidic
environment.'® Typically, the interaction between calcium ions
(Ca®") and SA lacks long-term stability, leading to bead degrada-
tion and subsequent bacterial leakage. However, the introduc-
tion of a double-crosslink gel film significantly strengthens the
microstructure,'” including ionic and hydrogen bonds between
CaCl, and SA, as well as between chitosan and cellulose, and
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enables the model to retain bacteria for extended periods
compared to isolated hydrogel beads.'®'® In this work, extra-
cellular DNA (eDNA) and secreted protein composition of this
model align with those of natural biofilms. Additionally, this
setup not only replicates the natural distribution process of
bacteria prior to dispersion but also enhances the model’s
longevity to keep its architecture for 9 days.

2 Methods and materials
2.1 Materials

SA (Sigma-Aldrich), chitosan (low molecular weight, Sigma-
Aldrich), calcium chloride (anhydrous, BioReagent, suitable
for insect cell culture, suitable for plant cell culture, >96.0%,
Sigma-Aldrich), cellulose (microcrystalline, powder, Sigma-
Aldrich), hydrochloric acid solution (1.0 N, BioReagent, suitable
for cell culture), the LB medium (Sigma-Aldrich), the LB agar
medium (Sigma-Aldrich), SimplyBlue™ SafeStain (Thermo
Fisher scientific), 20X Bolt™ MES SDS running buffer (Thermo
Fisher scientific), PageRuler™ Plus Prestained Protein Ladder
(10 to 250 kDa, Thermo Fisher scientific), Novex™ Tris-Glycine
SDS Sample Buffer (2x, Thermo Fisher scientific), Novex™ Tris-
Glycine Mini Protein Gels (10-20%, 1.0 mm, WedgeWell™
format, Thermo Fisher scientific), 1X phosphate-buffered sal-
ine (PBS, Sigma-Aldrich), TE buffer (20X, RNase-free, Thermo
Fisher scientific), DEPC-treated water (Thermo Fisher scientific),
ladder, Quant-iT™ PicoGreen™ dsDNA Assay Kits and dsDNA
Reagents (Thermo Fisher scientific), and QuantiPro™ BCA Assay
Kit (Sigma-Aldrich) were used in this study.

2.2 Methods

2.2.1 Bacterial and biofilm culture. E. coli (dB3.01) was
cultured on LB agar plates from frozen stock. A single colony
was selected and suspended in 5 mL of the LB liquid medium.
The bacterial suspension was incubated overnight in a shaking
incubator at 37 °C. The overnight culture was then diluted to an
0OD600 of 0.1 using the fresh LB liquid medium. For biofilm
formation, 200 pL of the diluted bacterial suspension was
added to each well of a 96-well plate (Greiner). The plate was
incubated at 37 °C for 72 hours, with the medium being
replaced every 36 hours to facilitate the formation of a mature
biofilm.

2.2.2 Manufacture of bacterial hydrogel beads. To prepare
bacterial-loaded alginate hydrogel beads, a 5% SA solution, a
10% CaCl, solution, and an exponential phase bacterial
solution were first prepared. The bacterial culture was centri-
fuged to separate the wet bacterial pellet from the LB medium,
after which the supernatant was discarded. The bacterial pellet
was then re-suspended in the fresh LB medium and mixed
with the SA solution to achieve a final concentration of 3%. The
mixed solution was transferred to a syringe fitted with a
30-gauge needle (BD Microlance 3 Needles - 30 g). The bacterial-
alginate mixture was then added dropwise to a 10% CaCl,
solution under continuous stirring. The mixture was stirred for

J. Mater. Chem. B, 2025, 13, 3952-3958 | 3953


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb02015d

Open Access Article. Published on 17 February 2025. Downloaded on 11/7/2025 2:53:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Journal of Materials Chemistry B

30 minutes to allow for bead formation. Finally, the hydrogel
beads were collected by centrifugation.

2.2.3 Manufacture of a bead-in-hydrogel biofilm model. A
3% chitosan solution and a 5% cellulose solution were pre-
pared. The pH of the chitosan solution was adjusted to 5.5
using 1% HCI. The hydrogel beads were then mixed with the
5% cellulose solution, and 1 mL of the mixture was applied
onto glass slides. Subsequently, the 3% chitosan solution was
added to the mixture to facilitate crosslinking with the cellu-
lose. Cover slips were then applied and pressed gently to form
gel films.

2.2.4 Bacterial retention assay. To evaluate the bacterial
entrapment duration of the bead-in-gel model, the model was
incubated in 200 pL of the LB medium in a 96-well plate at
37 °C for 9 days without changing the medium during the
cultural period. Simultaneously, natural biofilms and bacterial
hydrogel beads were cultured under identical conditions in
200 pL of the LB medium in 96-well plates. The optical density
(OD) of the suspensions from all three samples was measured
every two days to monitor bacterial growth.

2.2.5 Separation of secreted proteins. To separate secreted
proteins from planktonic bacteria, the bacterial strain was first
inoculated into the M9 medium and incubated overnight at
37 °C until reaching the mid-exponential phase. The bacterial
culture was then transferred into centrifuge tubes and centri-
fuged at 4 °C and 4000-6000g for 15 minutes to pellet the
bacterial cells. The supernatant was carefully decanted into a
clean tube and passed through a 0.22 pm filter to remove any
remaining bacterial cells and debris. The proteins in the filtrate
were concentrated using ultrafiltration units (Amicon Ultra
Centrifugal Filter, 3 kDa MWCO) and subsequently dialyzed
against PBS to remove salts and other small molecules.

For the separation of EPS proteins, the culture media were
removed from the biofilm, which was then washed once with
PBS. The biofilm was scraped from the surface using a sterile
spatula and collected in a suitable container. The collected
biofilm was resuspended in PBS, and the cells were disrupted
using a vortex mixer to release the EPS. The resulting suspen-
sion was centrifuged at 4 °C and 10 000g for 15 minutes to pellet
the cells and debris. The supernatant was carefully collected
and filtered through a 0.22 pm filter to remove any remaining
cellular debris, followed by dialysis against PBS to remove small
molecules and salts.

To separate proteins from a bead-in-hydrogel biofilm model,
the culture media were removed and the biofilm was washed
once with PBS. The bead-in-hydrogel biofilm model was
scraped from the surface with a sterile spatula and collected
in a suitable container. The biofilm was resuspended in
PBS and 100 mM citrate acid buffer, allowed to stand for
10 minutes, and then disrupted using a vortex mixer to break
the hydrogel crosslinks in the model. The suspension was
centrifuged at 4 °C and 10000g for 15 minutes to pellet the
cells and debris. The supernatant was collected, filtered
through a 0.22 pm filter to remove any remaining cellular
debris, and dialyzed against PBS to remove salts and small
molecules.
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2.2.6 BCA assay. The BCA assay was performed using the
QuantiPro™ BCA Assay Kit. The working solution was prepared
by mixing the QuantiPro Buffer QA with QuantiPro BCA QB and
copper(u) sulfate pentahydrate solution (Reagent QC) in a ratio
of 25:25:1. The mixture was stirred until a uniform color was
achieved. An equal volume of QuantiPro working solution and
each sample (1:1) were added to the wells of a 96-well plate.
The plate was then incubated at 37 °C for 2 hours. Following
incubation, the absorbance was measured at 562 nm using a
plate reader (CLARIOstar Plus, BMG LABTECH, UK).

2.2.7 SDS-PAGE. Protein samples were mixed with 2 x tris—
glycine SDS loading buffer at a 1:1 ratio. The mixture was then
heated at 85 °C for 4 minutes to denature the proteins, followed
by a brief spin in a microcentrifuge to collect the sample at the
bottom of the tube. The inner chamber of the electrophoresis
apparatus was filled with running buffer. A protein ladder was
loaded into the first well, followed by the loading of 30 pL of
each protein sample into the subsequent wells. The voltage was
set to 100-120 V for the stacking phase, which was then
increased to 250 V for running the gel. The gel was run until
the dye front reached the bottom of the gel. After electrophor-
esis, the gel was carefully removed from the apparatus and
placed in a staining solution, where it was gently agitated for
1 hour. Following staining, the gel was removed from the
staining solution and placed in deionized (DI) water, with
gentle agitation until the background became clear.

2.2.8 eDNA concentration measurements. A 1x TE buffer
was prepared by diluting the 20x TE buffer with sterile, DNase-
free water. The PicoGreen reagent was allowed to warm to room
temperature. A working solution was then prepared by diluting
the PicoGreen reagent 200-fold in 1x TE buffer (e.g., 50 pL
of the PicoGreen reagent was added to 9.95 mL of TE buffer).
The working solution was protected from light and used within
a few hours of preparation. DNA samples were diluted in TE
buffer to a final volume of 100 pL in microplate wells. An equal
volume of 100 pL of the PicoGreen working solution was added
to each well containing the DNA samples. The plate was
incubated for 2-5 minutes at room temperature, protected
from light. The fluorescence of the samples was then measured
using a microplate reader with excitation at 480 nm and
emission at 520 nm.

3 Results and discussion
3.1 Bacterial retention

An E. coli culture solution was mixed with SA and then added to
the CaCl, solution to prepare hydrogel beads. Subsequently, these
beads were embedded within a film of cellulose crosslinked with
chitosan. This bead-in-hydrogel model was fabricated using a
dual crosslinking system: one involves ionic bonding between SA
and Ca”*, while the other relies on hydrogen bonding between
cellulose and chitosan in an acidic environment. The hydrogen
bonds are formed between the hydroxyl groups of cellulose and
the protonated amino groups of chitosan.'® To evaluate the long-
term bacterial retention of a beads-in-hydrogel biofilm model, the

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4tb02015d

Open Access Article. Published on 17 February 2025. Downloaded on 11/7/2025 2:53:23 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

beads
adsin-hydrogel biofim model

1 3 s 7 9
Day

Day § Day 7

Day 3

Fig. 1 Bacterial retention assay. (a) Suspension OD value of the natural
biofilm which was cultured by directly seeding E. coli in a 96-well plate,
bacterial hydrogel beads which were made by crosslinking SA and CaCl,,
and the bead-in-hydrogel biofilm model by embedding SA hydrogel beads
in a cellulose—chitosan hydrogel film. Suspension OD was measured every
two days (*p < 0.05, **p < 0.01). (b) Digital photograph of the bead-in-
hydrogel biofilm model in the culture medium at different time points.

biofilm was immersed in a LB medium within a 96-well plate,
ensuring that the biofilm model covered the entire bottom surface
of each well, and the OD600 of the supernatant was measured on
days 1, 3, 5, 7, and 9 to assess bacterial presence; as shown in
Fig. 1(a), during this period, the medium was not exchanged to
ensure precise results. The two control groups are hydrogel beads
(SA beads) group and a natural biofilm group cultured using
E. coli and LB media in a 96-well plate. Digital photographs of the
bead-in-hydrogel biofilm model at different time points are dis-
played in Fig. 1(b). Natural biofilms are reported to typically
mature on solid surfaces within a few days, with some beginning
to disperse as early as 24 hours after reaching maturation,* as
indicated by dead bacteria detachment and dispersion into the
surrounding environment. The bacteria are encapsulated in the
hydrogel beads on day 1 and day 3, indicated by the high
transparency of the solution. Later, when bacteria swim into the
gel film layer, the model becomes less transparent on day 5 and
day 7. By the 9™ day, the culture medium becomes cloudy,
indicating that the bacteria have entered the medium. In contrast,
the bead-in-hydrogel biofilm model can effectively entrap bacteria
for 7 days, which show significant differences compared with the
other two groups (p < 0.05 compared with the bacterial hydrogel
beads group, and p < 0.01 compared with the natural biofilm
group). Beyond this period, bacteria reach the maximum capacity
of the model and begin to enter the surrounding medium,
causing an increase in the OD value, but still much lower than
the control groups. The digital images of the bead-in-hydrogel
biofilm model of days 1, 3, 5, 7, and 9 (Fig. 1(b)) present the
transparent level and reflect bacterial density. This observation
suggests that the bead-in-hydrogel biofilm model substantially
delays bacterial migration. The OD changes of the pure LB
medium, bacterial solution, and the suspension medium of the
beads-in-hydrogel model can also indicate our biofilm model
stability during this period (Fig. S1, ESIt). The OD value of our
bead-in-hydrogel suspension (orange line) began increasing on
day 7, whereas the bacterial hydrogel bead suspension showed an
OD increase as early as day 3. This further indicates that our bead-
in-hydrogel platform has significantly enhanced stability com-
pared to the SA hydrogel alone.

This journal is © The Royal Society of Chemistry 2025
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3.2 Bacterial density and distribution

To validate the artificial beads-in-hydrogel biofilm model as a
replicate of natural biofilms, changes in bacterial density were
meticulously investigated over specific intervals - days 1, 3, 5, 7,
and 9. The experiment involved extracting bacteria from nat-
ural biofilms, hydrogel beads, and the beads-in-hydrogel bio-
film model. The optical density (OD600) of these extracted
bacterial solutions was then measured (Fig. 2(a)). During the
initial phase (from day 1 to day 3), as the natural biofilm
matures, there is a notable increase in OD600, indicating a
rise in bacterial density. After this phase, the density stabilizes,
demonstrating the biofilm’s maturity.

In the hydrogel bead group, there was an increase in
bacterial density during the first three days, followed by a
gradual decline. This decrease correlates with bacteria leaking
from the beads into the surrounding environment, conse-
quently reducing the number of bacteria recoverable from
the beads.

In contrast, the bead-in-hydrogel biofilm model exhibited
changes in bacterial density that closely mirrored those
observed in natural biofilms (p > 0.05, between the beads-in-
hydrogel biofilm model and the natural biofilm group from day
1 to day 9). The difference is that the bacterial density in the
beads-in-hydrogel biofilm model continued to increase after
day 3 and maintained the high bacterial count until the end of
the testing period of 9 days.

To further explore bacterial distribution and structural
changes, confocal laser microscopy was employed to observe
these samples. Images were captured on days 1, 3, 7, 9, 11, and
13 after culturing, with bacteria in the model stained for better

@ 4 (b) 3.0x10*
Natural biofilm GFP

35 Bacteria hydrogel beads I REP
Beads-in-hydrogel biofilm model

2.5x10°

2.0x10*

1.5x10%

ODy(nm)

1.0x10°

g
Fluorescence intensity

5.0x107

Fig. 2 Measurement of bacterial density, viability, and distribution. (a)
bacterial density in natural biofilms grown with LB media from days 1-9,
bacterial hydrogel beads and the beads-in-hydrogel biofilm model (*p <
0.05, **p < 0.01). (b) Bacterial live/dead ratio changing in the beads-in-
hydrogel biofilm model from day 1 to day 13. (c) Confocal images of the
beads-in-hydrogel biofilm model from day 1 to day 13 (scale bar: 100 m).
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visualization (Fig. 2(c)). At the beginning of the beads-in-
hydrogel biofilm model, bacteria were already densely packed
within the beads (the sphere on days 1, 3, and 7 represents a SA
bead), with density further increasing until the 4™ day. From
day 4 to day 9, bacteria began to migrate from SA beads into the
cellulose—chitosan hydrogel film and formed new colonies.

Subsequently, the live/dead ratio of bacteria were quantitatively
analyzed by measuring fluorescence intensity, which helped track
bacterial viability over time (Fig. 2(b)). The total fluorescence
intensity (including both live and dead fluorescence signals)
increased from day 1 to day 13, corresponding to changes in
the total bacterial population during this period. During the initial
4 days, GFP (living bacteria) gradually increased, while RFP (dead
bacteria) did not change much. Later, bacteria migrated into the
gel film and formed colonies from day 7. The amount of dead
bacteria on the 9™ day significantly increased, possibly due to
nutrient deprivation, accumulation of waste products, and pro-
grammed cell death in the biofilm.*"

3.3 Protein components

Previous research has shown that proteins extracted from
biofilms exhibit 40% different types of proteins compared to
those from planktonic bacteria.”* To demonstrate that our
beads-in-hydrogel biofilm model closely mimics natural bio-
films, the protein concentrations of a 9-day cultured beads-
in-hydrogel biofilm model, natural biofilms, and planktonic
bacteria were measured using both the BCA assay and SDS-PAGE.

The BCA assay results (Fig. 3(a)) indicated that the protein
concentrations in the natural E. coli biofilm and the bead-in-
hydrogel biofilm model increased to more than double, reaching
55.7 + 1.5 ug mL ™" and 52.0 + 1.0 ug mL ™", respectively, compared
t019.7 + 1.4 ug mL ™" secreted by planktonic bacteria. The secreted
protein concentration in planktonic bacteria shows a significant
difference with the natural biofilm and beads-in-hydrogel model
(p < 0.05). This difference is likely due to the requirement of
numerous functional proteins for the structural integrity of bio-
films, adherence to surfaces, interaction with extracellular
DNA,”?* and communication with other bacteria.® To further
explore the differences in protein composition, SDS-PAGE was
employed to separate proteins by their molecular weights from
the mixed samples (Fig. 3(b)). The SDS-PAGE results highlighted

Planktonic
biofilm model bacteria

(b) Sumdard  Natsl  Beadsinhydrogel

@) ¢ = ladder  biofilm

 —— 250D

130kD

100kD
70kD

S5kD

35kD

20 250

Protein concentration
(ug/ml)

15kD

TRIRL T

10k |
0

model

Fig. 3 Detection of proteins secreted by bacteria. (a) Concentrations of
proteins secreted by bacteria. Proteins were extracted from the culture
solution, natural biofilm model, and beads-in-hydrogel biofilm model, and
their concentrations were quantified using the BCA assay method (*p <
0.05, **p < 0.01). (b) SDS-PAGE analysis of secreted proteins isolated from
the beads-in-hydrogel biofilm model, natural biofilm cultured with LB
media, and planktonic bacteria.
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Fig. 4 The eDNA density of planktonic bacteria, natural biofilm, and our
bead-in-hydrogel biofilm model. After centrifugation to remove all bac-
teria, the eDNA concentration in the supernatant was measured using the
PicoGreen assay (*p < 0.05, **p < 0.01).

distinct protein profiles for each sample. Proteins secreted by
planktonic bacteria showed three bands at 100 kDa, 35 kDa,
and 25 kDa. In contrast, the natural biofilm EPS displayed a
broader range of proteins, with bands at 100 kDa, 55-70 kDa,
55 kDa, 15-25 kDa, and 10-15 kDa. The protein extract from the
beads-in-hydrogel biofilm model was similar to that of the
natural biofilm, featuring bands at 100 kDa, 55 kDa, 15-
25 kDa, and 10-15 kDa. Notably, additional bands appeared
in the beads-in-hydrogel biofilm model sample in the ranges of
55-70 kDa and 15-20 kDa. This could be attributed to the
unique polysaccharide components (SA and chitosan) used in
the model, potentially altering the E. coli metabolism and
resulting in the production of different proteins.*® This analysis
underscores the beads-in-hydrogel biofilm model effectiveness
in mimicking natural biofilm protein profiles and supports its
utility in biofilm research.

3.4 Extracellular DNA measurements

eDNA plays a vital role in biofilm formation, contributing
to the structural integrity of the EPS and facilitating bacterial
communication.”” We measured the concentration of eDNA
extracted from the beads-in-hydrogel biofilm model, natural bio-
film, and planktonic bacteria using the Quant-iT™ PicoGreen™
dsDNA Assay Kits and dsDNA Reagents (Fig. 4). The results revealed
distinct differences in eDNA concentrations among the samples.
Specifically, the planktonic bacterial solution contained only
0.290 + 0.002 pg mL ™" of eDNA, whereas much higher concentra-
tions of 0.790 + 0.016 ug mL ™" and 0.740 + 0.003 ug mL ™" were
observed in the natural biofilm and the bead-in-hydrogel biofilm
model, respectively. The extracellular DNA concentration in plank-
tonic bacteria shows a significant difference with the natural
biofilm and beads-in-hydrogel model (p < 0.05).

These findings indicate that the bead-in-hydrogel biofilm
model maintains a high eDNA concentration when most bac-
teria are viable.”® Thus, eDNA within the beads-in-hydrogel
biofilm model serves a structural function similar to that in
natural biofilms. In the beads-in-hydrogel model, eDNA forms
DNA fibers®® that preserve the biophysical properties of the
biofilm®® and promote biofilm growth and dispersion.>”

4 Conclusions

In this study, we developed a three-dimensional (3D) hydrogel-
based bead-in-hydrogel biofilm model by entrapping bacteria

This journal is © The Royal Society of Chemistry 2025
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in SA/CaCl, hydrogel beads and embedding these beads in
chitosan and cellulose hydrogel films. This design aims to
closely replicate the mature phase of natural biofilms formed
by bacteria with LB media, which can be cultured in 96-well
plates. This innovative model can sustain bacterial populations
for at least 7 days under appropriate culture conditions, exhi-
biting remarkable similarity to natural biofilms in terms of cell
density and bacterial distribution dynamics. The hydrogel
matrix effectively encapsulates bacteria, supporting sustained
growth and biofilm formation. The molecular composition of
the model, including eDNA and proteins, closely mirrors that of
natural biofilms, validating its use as an artificial replicate.
This alignment in molecular components ensures that the
bead-in-hydrogel biofilm model accurately mimics the behavior
and structural characteristics of natural biofilms.

The long-term stability and consistent composition of pro-
teins and eDNA in this beads-in-hydrogel biofilm model high-
light its significant potential for medical research applications.
It offers a reliable platform for testing the efficacy of anti-
biofilm agents, providing a robust tool for evaluating new
therapeutic strategies. Additionally, the model affords valuable
insights into the mechanisms underlying biofilm growth and
dispersion, which are critical for understanding and managing
biofilm-associated infections.

Overall, the 3D hydrogel-based beads-in-hydrogel biofilm
model represents a significant advancement in biofilm
research, offering a robust and accurate tool for studying
biofilm dynamics and testing therapeutic interventions. Its
ability to replicate the natural biofilm environment makes it
an invaluable resource for developing more effective strategies
to combat biofilm-related challenges in both medical and
industrial contexts.
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