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ABSTRACT: Biofilms are significantly involved in the progression of
many diseases, such as cancer and upper respiratory infections, due to
their ability to adhere to soft tissues. Factors influencing biofilm
development have been extensively studied on planar substrates; however,
there is limited understanding regarding biofilm growth and interactions
within 3D matrices. Developing biofilm models that closely mimic natural
bacterial communities’ chemical and mechanical properties in soft tissues

is essential for developing next-generation antibacterial compounds and %™
therapeutics, as 3D biofilms are more complex and less susceptible to R
treatment than their 2D counterparts. Here, to understand environmental W
viscoelastic effects on biofilms within 3D matrix environments, two types
of alginate-based hydrogels are formulated and used to encapsulatevarying pa—

concentrations of Salmonella Typhimurium. We explore the effects of oo

increasing S. Typhimurium concentrations on hydrogel rheological properties and assess the impact of printing parameters on
bacterial viability. Results show that hydrogels exhibit shear thinning behavior and that increasing the bacterial concentration up to 1
X 10’7 CFU mL™" has no significant effect on the hydrogel precursor moduli and low shear viscosity. However, increasing the
bacterial concentration to 1 X 10'© CFU mL™" significantly decreases the hydrogel shear viscosity and modulus. Utilizing extrusion-
based bioprinting, the optimal printing parameters (Pr > 0.8) have minimal effects on bacterial viability (>80%) over a 4 day
incubation period. Additionally, we find that lower concentrations of bacteria form larger aggregates over time than hydrogels with
higher cell concentrations. We show that biofilm growth in 3D depends on both initial bacterial density and matrix rigidity. Further
development of physicochemically tuned bioprinted bacterial communities will aid our understanding of bacterial interactions within
their 3D environments and enable the use of in vitro tissue models that incorporate biofilms for high-throughput therapeutic
screening.
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3D Extrusion-Based
Bioprinting

1. INTRODUCTION diseases like cystic fibrosis or cancer.’”® Biofilms colonize
biotic and abiotic surfaces such as indwelling implants (i.e.,
catheters, prosthetics, or heart valves) and soft tissues (ie.,
lungs, skin, oral cavities).6 For instance, Salmonella Typhimu-
rium is a Gram-negative bacterium often contracted through
contaminated food or water. This human pathogen is primarily
known to colonize the gallbladder epithelium and can result in
serious complications such as intestinal bleeding and can
become fatal if left untreated.”” Cells within S. Typhimurium
biofilms can also disseminate to various soft tissues and organs
like lymphoid tissue, liver, and spleen.”*”'" Previous

Over the past several decades, it has become widely accepted
that many bacteria do not primarily exist in a planktonic state
but spend most of their existence as cellular aggregates known
as biofilms."”” Biofilms exist as intricate communities of
bacteria surrounded by self-produced extracellular polymeric
substances (EPS) that are composed of excreted proteins,
extracellular DNA, and cellular debris,” which allows these
microorganisms to survive harsh environmental conditions and
enhance their nutrient accessibility.” The formation of bacterial
aggregates is influenced by factors such as nutrient availability,
pH, temperature, quorum sensing, stress, and substrate
characteristics.” As a natural mode of subsistence for many Received:  February 3, 2025
prokaryotes, biofilms can also consist of single or mixed Revised:  May §, 2025
bacterial species, allowing them to exhibit heightened Accepted: May 6, 2025
resistance to antimicrobial therapies and immune defenses, Published: May 16, 2025
thus posing an imminent threat to human health.” This

resilience is often associated with infections and chronic

© 2025 American Chemical Society https://doi.org/10.1021/acsbiomaterials.5c00223

v ACS PUbl icatiOI’]S 3455 ACS Biomater. Sci. Eng. 2025, 11, 3455—3466


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Annie+Scutte"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kiram+Harrison"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Tyler+Gregory"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Quashie+Jr."&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Subramanian+Ramakrishnan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jamel+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jamel+Ali"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsbiomaterials.5c00223&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.5c00223?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.5c00223?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.5c00223?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.5c00223?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsbiomaterials.5c00223?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/abseba/11/6?ref=pdf
https://pubs.acs.org/toc/abseba/11/6?ref=pdf
https://pubs.acs.org/toc/abseba/11/6?ref=pdf
https://pubs.acs.org/toc/abseba/11/6?ref=pdf
pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsbiomaterials.5c00223?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/journal/abseba?ref=pdf
https://pubs.acs.org/journal/abseba?ref=pdf

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

investigations have highlighted some of the biochemical and
biophysical factors influencing natural biofilm growth;''~"*
however, there remains a pressing need to understand the
mechanisms underlying biofilm formation in artificial systems
that replicate both the chemical and mechanical properties of
natural bacterial communities found in soft tissues, which is
crucial for developing new therapeutic strategies.

Biofilms of various bacterial strains have been extensively
grown on planar substrates such as agar, glass, and polymer
surfaces.'” ™' These investigations have expanded our under-
standing of the factors influencing biofilm growth, such as
nutrient diffusion, substrate stiffness, cell—cell interactions, and
mechanical deformation. For instance, Fei et al. researched
Vibrio cholerae biofilms and demonstrated that the morphody-
namics of these biofilms stron§ly depend on the stiffness of the
agar substrate they are grown.'® Results from this investigation
demonstrated that biofilms exhibited elastic behavior similar to
hydrogels but also displayed strong adhesion on the agar
substrates. As the initially smooth biofilm expanded on
different agar substrates, mechanical stresses developed within
the biofilm due to friction with the agar surface, resulting in a
transition to wrinkled patterns caused by mechanical
instability.> Current work has shifted to understanding biofilm
growth in hydrogel systems. Recently, Asp et al. investigated
the correlation between substrate stiffness and the develop-
ment of Serratia marcescens biofilms by cultivating them on
synthetic hydrogel substrates with tunable mechanical proper-
ties.'" In contrast to growth on agar, Asp et al. found that .
marcescens biofilms exhibited increased growth with higher
substrate stiffness. Similarly, Wang et al. demonstrated that the
growth of the pathogenic biofilm Pseudomonas aeruginosa on
stiffer agarose gels resulted in higher surface adhesion and
accumulation compared to softer gels.'® Although valuable
insights are acquired from agar-based studies regarding biofilm
growth patterning, investigating biofilms on agar or polymer-
derived solid—air interfaces has limitations, as they fail to
mimic the complexities of biofilm growth in 3D matri-

05, 1119:20

Biofilms associated with chronic infections are often found
as non-surface-attached bacterial a%re%ates embedded in
hydrated polymer-rich environments.” >* Previous work has
demonstrated morphodynamical differences between biofilm
formation in 2D compared to confined 3D environments,
which play an essential role in bacterial susceptibility to
antimicrobial compounds.”® Initial work aiming to understand
bacteria biofilm development in 3D environments has been
shown to have more physiological relevance when compared to
chronic infection-associated biofilms.”> Early work by Coquet
et al. demonstrated that P. aeruginosa exhibited more
physiologically relevant biofilm properties when encapsulated
in alginate hydrogel matrices with increased drug resistance.”
However, some limitations of these investegations included
gradient nutrient and oxygen access in the hydrogel systems,
resulting in larger biofilms forming toward nutrient and oxygen
interfaces.””*® To address some of these limitations, 3D
bioprinting serves as a promising technique that allows for the
biofabrication of complex porous structures, with high spatial
resolution and control.”® These techniques have been widely
used to fabricate cell-laden bioinks rapidly and for various
applications such as tissue engineering and drug screen-
ing.”*"** Extrusion-based bioprinting is one of the most
common 3D printing methods due to a lack of biomaterials
compatible with other printing methods. Gelatin and alginate
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are widely used natural polymers for tissue engineering
applications due to their compositional similarities to the
native ECM.” Unlike extrusion-based applications for tissue
engineering applications, 3D bioprinting biofilms or living
material (LM) platforms using naturally derived polymers are
still emerging.’® Previous work has explored the feasibility of
fabricating 3D biofilms or LM models for azpplications ranging
from drug screening to bioremediation.””* In works by
Aliyazdi et al., alginate-based Escherichia coli biofilms were
biofabricated to serve as an in vitro infection model.’”®> 3D
bioprinting of bacteria is vital to understanding the nature of
biofilm formation in 3D constructs for novel therapeutic
development.”***

One of the challenges presented in the development of
bioinks for 3D bioprinting is understanding the effects of high
cell densities on the hydro§el rheological properties, which
affects printing feasibility.” It has been shown that the
incorporation of cells affects the rheological properties of the
hydrogels and hydrogel printability for mammalian cells in
different hydrogel systems.”>*® While there have been reports
exploring the effects of viscoelastic properties of biofilms
grown on 2D substrates, much remains unknown about the
mechanics of bacteria confined in 3D structured environments,
in contrast to what has been established for mammalian cells
cultured in 3D matrices.”” Kandemir et al. demonstrated the
effects of the bacterial growth medium on the rheological
properties of agarose hydrogels when encapsulated with two
different bacterial strains.”® This investigation highlights the
role of nutrient accessibility in the viscoelasticity of bacterium-
based hydrogels. While it is now known that there is a drastic
contrast in the morphology of biofilms grown in 2D compared
with 3D structured environments, much is still unknown about
the effects of environmental viscoelastic properties on physical
biofilm growth in 3D structured environments. Rheological
measurements have shown that biofilms developed under
different ecological conditions have a high variability in their
viscoelastic nature over a range of length scales. Recent work
by Jana et al. demonstrated that biofilms of various species
exhibit different viscoelastic properties under large-amplitude
oscillatory shear (LAOS) conditions due to the excretion of
different macromolecules and biopolymers during biofilm
formation.” Understanding the mechanics of biofilms in
response to their environment is pertinent to correlating
biofilm-based infections to their resistance to antibiotics.

Here, we investigate the use of extrusion-based bioprinting
to generate 3D bacterial biofilm models under tissue-like
culture conditions. We examine how increasing bacterial
concentration affects the hydrogel rheological properties and
printability. Using two alginate-based hydrogels, we encapsu-
lated the Gram-negative bacterium S. Typhimurium at varying
concentrations. The alginates used in this investigation vary in
molecular weight; however, hydrogels are formulated to exhibit
similar rheological properties before crosslinking. Then, we
also explore the effects of polymer molecular weight and initial
bacterial cell density on viability, aggregate formation, and
morphology. We show that the varying concentrations of S.
Typhimurium have no significant effect on the rheological
properties of the two alginate-based hydrogel precursors. Both
hydrogels were formulated to be highly printable. The 3D-
printed biofilms reported may serve as a platform for
investigating pathogenic bacterial interactions in soft tissue-
like materials for future high-throughput drug screening
applications.

https://doi.org/10.1021/acsbiomaterials.5c00223
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2. MATERIALS AND METHODS

2.1. Hydrogels’ Formulation. The following materials used for
hydrogel formulation were obtained from Sigma-Aldrich: alginate
(alginic acid sodium salt, low viscosity: 4—12 cP, 1% in H,O at 25 °C;
medium viscosity: >2000 cP, 2% in H,0O at 25 °C); gelatin (gel
strength ~300 g Bloom, type A form porcine skin); calcium chloride
(CaCl,, anhydrous, granular, <7.0 mm, >93.0%); and Dulbecco’s
modified Eagle’s medium—low glucose (DMEM-low glucose
medium). The molecular weight of the two types of alginates used
was previously determined to be 24 kDa (LA) and 773 kDa (MA) for
low- and medium-viscosity alginate, respectively.* Alginate—gelatin
hydrogels were prepared by first dissolving gelatin in DMEM for 1 h
at a mixing speed of 400 rpm at 50 °C. Then, alginate was dissolved in
the gelatin solution for 3 h at 400 rpm at 50 °C. Alginate—gelatin
hydrogel solutions were then transferred to 50 mL centrifuge tubes
and centrifuged at 1000g for 10 min to remove entrapped bubbles in
the mixture. Hydrogels were stored at 4 °C until they were ready to
be used. For hydrogel characterization assessments, a final
concentration of 5% (w/v) alginate (LA) and 5% (w/v) gelatin
hydrogel blends were formulated. For high-molecular-weight alginate-
based hydrogels, the final hydrogel composition was 1.5% (w/v)
alginate (MA) and 5% (w/v) gelatin. Three batches of each hydrogel
blend were prepared to account for batch-to-batch variability (n = 3).

2.2. Inoculation of Hydrogels. S. Typhimurium was taken from
a glycerol (50% (v/v)) stock solution and inoculated in 20 mL of LB
broth (1% (w/v) tryptone, 0.5% (w/v)yeast, 1% (w/v) NaCl). The
bacteria were aerated in an incubator shaker at 37 °C and 120 rpm.
The cultures were harvested in the early log phase after 3—5 h of
cultivation. The concentration of bacteria was measured using optical
density at a wavelength of 600 nm to achieve a concentration of 1 X
10® CFU mL™" (ODgy = 1.00). The bacteria were transferred to 1.7
mL centrifuge tubes and collected by centrifugation at 10,000g and 4
°C for 10 min. Then, the bacterial pellet was washed twice in
sterilized PBS to remove residual LB medium. The bacterial pellet was
re-suspended in 1 mL of sterilized deionized water and was diluted
three times to achieve bacterial concentrations of 1 X 10%, 1 X 10°,
and 1 X 107 CFU mL™". The series of diluted bacterial concentrations
were collected by centrifugation (10,000g 4 °C for 10 min) and re-
suspended in SO uL of sterilized deionized water and added to 3 mL
of alginate-gelatin hydrogels, which were previously warmed at 37 °C.
To achieve a higher concentration of bacteria, a larger volume was
cultured under the same conditions previously stated and
concentrated to reach a final concentration of 1 X 10'® CFU mL™.
The bacterial suspension was well mixed in the hydrogel by repeated
gentle mixing with a micropipet, producing 3 mL of bacterial bioink.

2.3. Hydrogel Rheological Characterization. The rheological
properties of acellular hydrogel formulations were obtained using an
MCR 302 Anton Paar Rheometer. A 25 mm-diameter parallel-plate
geometry (PP25/S) with a 1 mm gap distance was used for all
measurements. Before all rheological experiments were conducted,
hydrogels were warmed to 37 °C for 1 h, and then the samples were
loaded onto the rheometer and were pre-sheared at a constant shear
rate of 50 s™' at 37 °C for 60 s to remove hysteresis within the
polymer network. The first test conducted was an isothermal time
sweep to determine the gelation time for each hydrogel. An
isothermal time sweep was conducted at a constant oscillation
frequency of 1 Hz and a constant amplitude strain of 0.1% for 60 min
at 25 °C. Following the isothermal time sweep, a new sample was
loaded onto the rheometer to limit long-term evaporation losses, pre-
sheared, and then equilibrated to 25 °C for 30 min. Following
hydrogel equilibration, storage and loss moduli were measured as a
function of frequency. Oscillatory measurements were performed at a
constant amplitude of 0.1% and a frequency range of 0.05—25 Hz.
Then, viscosity as a function of the shear rate was measured in the
shear rate range of 1—50 s ~". Shear rheology data were then fit to the
power law model (eq 1)

n=kxy™" (1)
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where 7, k, 7, and n represent the viscosity, flow consistency index,
shear rate, and flow behavior index, respectively. Hydrogel rheological
measurements were conducted three times for three different
hydrogel batches to account for batch variability. The same
rheological measurements were then performed for bacterium-laden
hydrogels to assess the effects of bacterial loading on hydrogel
properties. To determine the modulus of the crosslinked hydrogels,
samples were loaded onto the rheometer at 37 °C, pre-sheared, and
allowed to equilibrate at 25 °C for 30 min. The modulus of un-cross-
linked hydrogels was measured for 3 min before ionic crosslinking
with a 5% (w/v) CaCl, solution. Hydrogels were crosslinked for 4
min and then rinsed twice with PBS. The modulus of crosslinked
hydrogels was measured for 3 min at 25 °C. Then, the temperature
was increased to 37 °C, and the hydrogel modulus was measured for
20 min under isothermal conditions. Lastly, stress relaxation
measurements were conducted on crosslinked hydrogel samples at a
constant strain of 10% for a duration of 1000 s. The stress relaxation
times for the hydrogels were obtained using the generalized Maxwell
equation with i elements in parallel (eq 2)

G(H) = G + Y. Giexp[—i]

i=1 1

)

G, is the equilibrium shear relaxation modulus, G is the shear
relaxation modulus, ¢ is time, and 7; is the relaxation time of the ith
relaxation process.

2.4. Bioprinting. 3D extrusion-based bioprinting was done using
SunP Biomaker V2. Hydrogels were printed as 10 X 10 X 1 mm
constructs predesigned using CAD software with rectilinear infill
patterns, an infill density of 20%, and a layer height of 0.5 mm.
Acellular hydrogels were loaded in a 3 mL syringe and printed using a
22-gauge tapered-tip needle (ID 041 mm) at 25 °C. To
characterize the hydrogel printability, hydrogel samples were printed
in layers onto a 1 mm-thick glass slide and imaged to assess strand
width and pore sizes. Three initial seeding concentrations of S.
Typhimurium (1 X 10° 105 107 CFU mL™") were investigated for
printing bacterium-laden constructs. Desired bacterial concentrations
were pelleted, re-suspended in 50 #L of 1X PBS, added to 3 mL of the
hydrogel solution, and mixed with a stereological pipet by aspirating
up and down. Bacterium-laden hydrogel scaffolds were printed at a
print speed of 5 mm s~ S

and an extrusion rate of 0.6 mm’ s
Bioprinted constructs were crosslinked using a 5% (w/v) CaCl,
solution for 4 min, rinsed twice with the PBS solution, and incubated
in DMEM supplemented with 10% FBS at 37 °C and 5% CO,.
Bacterium-laden constructs were then imaged over a 4 day culture
period.

2.5. Fluorescence Staining for Biofilm Viability. Viability was
assessed using a Baclight Live/Dead Viability/Cytotoxicity assay
consisting of a 3:1 ratio of SYTO9 and propidium iodide. Staining was
carried out every day for a 4 day incubation period following
bioprinting. Samples were washed twice with PBS following culture
medium removal and then incubated with the staining solution at 37
°C for 15—20 min. Imaging acquisition was conducted immediately
after incubation using a Nikon Eclipse Ti2 inverted microscope using
10X and 20X objectives. Images obtained using the 10X objective
were used for viability assessment, as it provided a wider field of view,
and images obtained using the 20X objective were analyzed for
average aggregate size development over time. All images were
denoised to remove any noise or debris in images using Nikon
Instruments analysis software. Bacterial viability was quantified using
ImageJ1.52a, which generates a z-projection image from the z-stacks
of stained bacteria within the bioprinted models. The viability of
bacteria was measured by dividing the area of green fluorescence by
the total area. Staining was repeated for three different hydrogel
batches, and 4 images from different locations of the printed construct
were analyzed for each sample (n = 3).

2.6. Scanning Electron Microscopy. To prepare bacterium-
laden constructs for SEM imaging, samples were washed with PBS to
remove waste and detached bacterial cells. Then, samples were fixed
in a 2.5% (v/v) glutaraldehyde solution for 30 min. Samples were
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Figure 1. Schematic of S. Typhimurium hydrogel fabrication and characterization. Hydrogel precursors were formulated using two different MW
alginates and encapsulated with varying concentrations of S. Typhimurium. Hydrogels were characterized using rheology to assess the viscoelastic
properties with and without the addition of S. Typhimurium. Gels are 3D printed and crosslinked with 5 w/v %CaCl, and assessed for bacterial
viability and structural organization using fluorescent live/dead cytotoxicity assays and electron microscopy. [Figure generated in BioRender.]

then dehydrated using ethanol series dehydration of the following
concentrations (10, 25, 30, 50, 70, 80, 90, 95, and 100% (v/v)) for 10
min for each concentration. Then, samples were further dehydrated in
50% (v/v) HDMS in 100% ethanol and 100% HDMS for S min after
ethanol dehydration and allowed to air dry overnight.*'~** Samples
were cross-sectioned using a fine-tip blade and coated with gold at a
20—30 nm thickness. Samples were imaged using the Phenom XL Q2
Desktop SEM at 10 kV and 10 Pa.

2.7. Statistical Analysis. All experiments were conducted in
triplicate (n = 3), and all statistical analysis was done using GraphPad
Prism version 8.0. Significance was checked for the bacteria
microcolony area via two-way ANOVA with Tukey’s multiple
comparison test. Statistical significance was defined as *p < 0.0S
#5p < 001, #5p < 0001, ¥*¥5p < 0.0001.

3. RESULTS

3.1. Rheology of Hydrogels. Hydrogels were formulated
using alginate and gelatin (Figure 1), where the alginates used
varied in MW. The molecular weight of the alginates used was
previously reported to be 24 kDa (5%LA—5%Gel) and 773
kDa (1.5%LA—5%Gel).* Hydrogels were formulated to
exhibit similar rheological properties before crosslinking with
CaCl,. In Figure 2a, we show the gelation kinetics of the two
types of hydrogels used, where the storage and loss moduli are
recorded over time at 25 °C. Hydrogel precursors were
formulated to have similar properties, where the storage and
loss modulus of the two gel types are within the same order of
magnitude. Due to the differences in solid content and alginate
MW, hydrogels exhibit different gelation times (circled in red
in Figure 2a), where the crossover point between the storage
and loss modulus for the 5—%Gel and 1.5%MA—-5% Gel
hydrogel precursors was observed at 6 and 12 min,
respectively. Next, frequency sweeps were conducted to
determine the viscoelastic behaviors of both gel types. Both
gel types have viscoelastic solid-like behavior, where the
storage modulus is greater than the loss modulus (G’ > G”) as
frequency increases, as shown in Figure 2b. This figure also
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shows that both gel types exhibit similar storage and loss
moduli at higher frequency ranges (1—25 Hz). Shear rheology
measurements in Figure 2c depict that both gels exhibit shear-
thinning behaviors with flow behavior index (n) values of 0.87
and 0.81 for S%LA—5%Gel and 1.5%MA—-5%Gel gels,
respectively, which indicates that the viscosity of both gel
types decreases as the shear rate increases.

Next, we assessed the rheological properties of both gels
once crosslinked with a 5% CaCl, solution, which allows for
the physical crosslinking between the divalent cations and the
carboxyl groups of the alginate,* and maintained them at 37
°C as depicted in Figure 2d. The S%LA—5%Gel hydrogel
exhibited a crosslinked storage modulus approximately twice
that of the 1.5%MA—5%Gel hydrogel, where the crosslinked
modulus was 4.74 and 2.73 kPa, respectively (Figure S1). This
indicates that the S%LA—5%Gel hydrogel can form more
interconnected networks due to the difference in polymer
chain length and polymer content compared to the 1.5%MA—
5%Gel hydrogels. Lastly, we show the stress relaxation
behavior of both hydrogels in Figure 2e at a constant strain
of 10%. The stress relaxation modulus is normalized to the
elastic relaxation modulus (G,) at the strain’s initial time of t =
0, increasing by 10%. By fitting the experimental stress
relaxation data to the generalized Maxwell equation (eq 2), the
best-fit parameters obtained indicated that both hydrogels have
three distinct stress relaxation processes, and all fitting
parameters are provided in Table S1. From the model fit,
Figure le shows that at a constant applied strain of 10%, the
1.5%MA—5%Gel retains a larger fraction of its initial stress
(~39%) compared to the SHLA—5%Gel, which only retains
25%. Thus, this shows that 1.5%MA—5%Gel is more resilient
and maintains its structural integrity over time. Next, we also
see from the fitting parameter that, initially, the S%LA—5%Gel
retains more stress given by the first relaxation modulus;
however, the longtime relaxation time (z;) is higher for the
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Figure 2. Rheologicalcharacteristics of hydrogel precursors without bacterial encapsulation. (a) A comparison of hydrogels’ gelation kinetics of
hydrogels depicts that S%LA—5%Gel hydrogels have a faster gelation rate (6 min) than the 1.5%MA—5%Gel hydrogels (12 min). Gelation points
are circles in red. (b) Frequency sweep shows that both hydrogel precursors exhibit viscoelastic solid-like behaviors and have similar properties. (c)
Both gels exhibit shear thinning behaviors with similar shear viscosities. (d) After crosslinking with CaCl,, the S%LA—5%Gel storage modulus is
approximately twice that of the 1.SMA—5%Gel hydrogel. (e) Stress relaxation measurements fitted to the generalized Maxwell equation show that
S%LA—5%Gel has a faster stress relaxation time than the 1.5MA—5%Gel hydrogel.

1.5%MA—5%Gel (~11.52 s) suggesting that it relaxes more
slowly than the SHLA—5%Gel (~9.2 s). We also see a slower
intermediate relaxation process (7,) for the 1.5%MA—5%Gel
than the S%LA—5%Gel. Overall, the S%LA—5%Gel has a faster
stress relaxation behavior than the 1.5%MA—5%Gel, which
may be attributed to the alginate polymer molecular weights in
both hydrogels, which is consistent with observations in
previous literature showing that lower polymer molecular
weight contributes to faster relaxation behavior compared to
higher polymer molecular weight.**

3.2. Rheology of Hydrogels with Varying Concen-
trations of Encapsulated Bacteria. Hydrogels were
encapsulated with four different concentrations of S.
Typhimurium (1 X 10% 1 X 10° 1 X 107, and 1 X 10"
CFU mL™") and assessed to determine the effects of bacterial
loading on the viscoelastic properties of hydrogel precursors at
25 °C. Results shown in Figure 3 depict that as the bacterial
concentration increases up to 1 X 10’ CFU mL™", the modulus
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of both hydrogels is not significantly affected compared to the
modulus of hydrogels without bacterial encapsulation.
However, we note that at a concentration above 1 X 10!
CFU mL™, hydrogels’ storage (G’) and loss modulus (G”)
decrease when compared to those with lower bacterial
concentrations. We also show the frequency sweep of collected
bacterial paste, obtained by centrifugation of saturated bacterial
cultures, consisting mainly of log-phase bacteria with
polysaccharides, proteins, DNA, and cellular debris. Results
show that the modulus of bacterial paste is orders of magnitude
stiffer than that of the hydrogels and behaves more like an
elastic solid. This indicates that at much higher concentrations
of bacteria, the hydrogels’ microstructure is significantly altered
compared to lower bacterial concentrations. We also show that
at lower bacterial densities, the shear thinning behavior of the
hydrogels remains unchanged, where the deformation rate of
the hydrogel is similar to that of hydrogels without bacterial
encapsulation. However, at a higher bacterial concentration,
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Figure 3. Rheology of hydrogel precursors encapsulated with varying concentrations of S. Typhimurium. (a) Frequency sweep of S%YLAS%Gel
encapsulated with S. Typhimurium concentrations of 1 X 10°%, 1 X 105 1 X 107, and 1 X 10'° CFU mL™". (b) Flow curve of increasing bacterial
concentration on S%LA—5%Gel. (c) Frequency sweep of 1.5%MA—5%Gel encapsulated with S. Typhimurium concentrations of 1 X 10°, 1 X 105,
1 X 107, and 1 X 10" CFU mL™". (d) Flow curve of increasing bacterial concentration on S%LA—5%Gel.
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Figure 4. Effects of increasing bacterial concentrations on the printability of both S%LA—5%Gel and 1.5%MA—5%Gel hydrogels. All structures
were printed at a print speed of 5 mm s and 0.6 mm® s™" at 25 °C. Images show that increasing bacterial concentration had a minimal impact on
the printed hydrogel pore structure (scale bar = 1 mm).

the hydrogel becomes more shear-thinning compared to observed with the shear rheology measurements, increasing the
hydrogels encapsulated with lower bacterial concentrations. bacterial concentration had minimal effects on the printability
Lastly, we performed the same rheological mesurments on a
concentrated volume of cells obtained from the mid-
exponential phase at ODgyy = 1 (S. Paste). We observed that
the collected bacterial paste exhibited a shear thinning

of the hydrogel constructs (Figure 4). To assess printability, we
measured all printed constructs’ line widths and pore factors.
The pore factor is a dimensionless parameter used to define

behavior similar to that of the neat hydrogels. the print integrity of a printed structure. Pore factor values
3.3. Effects of Bacterial Concentration on Hydrogel should approximate a value of 1 for structures with high print
Printability. After assessing the rheological properties of the stability. When pore factor values are much less than 1 (Pr <

bacterium-laden hydrogels, we evaluated the printability of the
hydrogels under the same printing parameters. All bacterium-
laden constructs were printed at a constant print speed of 5
mm s~ and an extrusion rate of 0.6 mm® s™' at 25 °C. The
printing parameters were selected because higher extrusion

1), this indicates that hydrogels are under-gelated, which then
results in print structures that are too liquid-like (significant
spreading). However, pore factor values much greater than 1
(Pr > 1) indicate that hydrogels are over-gelated, thus

. . . . . 46—48
rates resulted in structures with low pore factor (Pr) values, resulting in discontinuous prints (broken filaments). The
while lower extrusion rates resulted in discontinuous prints. As following equation often defines the pore factor (eq 3)
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Figure S. Viability of hydrogel-printed constructs over time. (a)b) Live/dead fluorescence microscopy assessment of day 4 S. Typhimurium
microcolonies in S%LA—5%Gel and 1.5%MA—5%Gel hydrogels obtained using 20X magnification (scale bar = 200 pm). (c,d) Quantitative
assessment plots of microcolonies showing bacteria maintaining viability >80% for all days of incubation.

L2
T 16A (3)

where L and A represent the perimeter and area, respectively.
Here, hydrogels constructed with a bacterial concentration
greater than 1 X 10" CFU mL™" were not evaluated due to low
shear viscosity and unstable print characteristics. Pore factors
for increasing bacterial concentration were measured to be
1.02, 0.96, 0.97, and 0.96 for the S%LA—5%Gel hydrogels
encapsulated with 0, 1 X 10, 1 X 10% and 1 X 10’ CFU mL™,
respectively (Table S3). Similarly, 1.5%MA—5%Gel hydrogels
exhibited a pore factor of 0.96, 0.92, 0.92, and 0.88 for the
same bacterial seeding concentrations. All hydrogels exhibit
stable print characteristics with pore factor Pr ~ 1; however,
we note a slight decrease in pore factor values with increasing
bacterial concentrations.

3.4. Effects of Bacterial Concentration on Viability
and Biofilm Formation. We assessed the viability of the
encapsulated bacteria in both the S%LA—5%Gel and 1.5%
MA—-5%Gel hydrogels for a four-day incubation period
(Figure S). Fluorescent live/dead images were taken for four
different regions of the printed structures, and our results
showed that the developed bacterial microcolonies were widely
distributed in the hydrogel (Figures S and 6). Results show
that the growth of S. Typhimurium follows a similar trend in
both hydrogel environments, where viability is maintained
above 80% for the four-day incubation period (Figure Sc,d).
When comparing the viability of the bacteria in the S%LA—5%
Gel and the 1.5%MA—5%Gel hydrogels, we observed no
significant difference in the overall viability in both gels

Pr
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throughout the 4 day incubation time (Figure Sc,d). We also
observed that hydrogels with lower bacterial initial seeding
density (1 X 10° CFU mL™") form larger microcolonies with
an average area ranging from 13,093 um® on day 1 of
incubation to 30,339 um* by day 4 which is about 4 orders of
magnitude larger than the average area of microcolonies of
hydrogels initially seeded with the higher bacterial concen-
trations (1 X 10’ CFU mL™") (Figure 6¢) in the S%LA—5%
Gel hydrogels.

Opverall, we observe that the average microcolony area is
larger for bacteria encapsulated in the S%LA—5%Gel hydrogel,
which has a cross-linked modulus of 4.7 kPa, compared to the
L.5%MA—5%Gel hydrogel with a cross-linked modulus of
approximately 2.7 kPa. However, a similar trend is observed for
both hydrogels, where the average microcolony area increases
with a decreasing initial bacterial concentration. The average
microcolony size in the 1.5%MA—5%Gel hydrogels for the low
initial bacterial seeding concentration ranges from 9609.69
um?® on day 1 to 17310.4 um* by day 4 of incubation (Figure
6¢). Moreover, to characterize the morphology of the bacterial
aggregates in the hydrogel, we quantitatively assessed the
aggregate’s circularity across the different incubation days
(Figure 6f,g). While the size of the aggregates depends on both
matrix properties and initial bacterial seeding density,
circularity measurements depict that changes in aggregate
shape are more dependent on the initial bacterial seeding
concentration in the hydrogel environments, where we
observed higher circularity values for the higher initial cell
concentrations (1 X 10’ CFU mL™") for the first 3 days of
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Figure 6. Morphology changes and developments of bacterial aggregates in S%LA—5%Gel and 1.5%MA—5%Gel hydrogel-printed constructs over
time. (a,b) Fluorescence microscopy assessment of S. Typhimurium microcolonies in S%LAS%Gel and 1.5%MAS%Gel hydrogels obtained using
10X magnification from day 0 to day 4 of the culture period (scale bar = 200 ym). (c—e) Quantitative assessments of average microcolonies show
that the bacterial aggregate size increases over time. However, the average size is higher for each initial bacterial seeding density in the S%LAS%Gel
hydrogels. (fg) Circular plots of aggregates in both hydrogels indicate that the aggregates’ morphology depends on the initial cell seeding
concentration of bacteria. *p < 0.05 and ***p < 0.001.
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Figure 7. SEM images of varying concentrations of S. Typhimurium encapsulated in S%LA—5%Gel hydrogels before incubation (day 0) and after 4
days of incubation (day 4). Images display S. Typhimurium as individual cells in a hydrogel environment on day 0. After 4 days of incubation, cells
developed into large, densely packed microcolonies within the hydrogel with varying sizes and distribution based on the initial bacterial seeding
concentration (scale bar = 30 ym). Red arrows point to cells in the hydrogel matrix.

incubation in both hydrogel environments. Finally, in Figure 7,
we show that on day 0 before incubation, S. Typhimurium cells
are individual cells dispersed in the hydrogel environment.
However, after 4 days of incubation, these cells developed as
large, densely packed bacterial communities deeply integrated
within the hydrogel matrix environment. We also note that due
to distinctive differences in the size of microcolony formation
in both hydrogels, since the microcolony size is more extensive
in the S%LA—5%Gel hydrogel, it undergoes faster degradation
than the 1.5%MA-5%Gel hydrogels where the printed
structure of the S%LA—5%Gel gels disintegrates during the 4
day culture period, whereas the 1.5%MA—5%Gel gels are
better maintained.

4. DISCUSSION

In vitro, biofilm models formed in 3D create more
representative models than traditional 2D cultures. These 3D
models canmimic the behavior of naturally occurring biofilms
that form within soft tissue-like environments, providing
valuable insights for biomedical applications. In this work, we
highlighted the effects of varying concentrations of S.
Typhimurium on hydrogel viscoelastic properties for 3D
printing applications. Before exploring the impact of bacterial
encapsulation, we ensured that both hydrogel types exhibited
similar viscoelastic properties in their precursor states.
Rheological analysis confirmed that the formulated hydrogels
have overlapping elastic moduli and shear-thinning behavior.
This initial step was crucial for establishing a baseline for
further investigations and accurately assessing the impact of
varying bacterial concentrations on the hydrogel properties.
Post-crosslinking with CaCl,, we observed differences in the
elastic and loss moduli between the two hydrogel types. The
S%BLA—5%Gel hydrogels were twice as stiff as the 1.5%MA—
5%Gel hydrogels. The difference in hydrogel stiffness can be
attributed to the differences in the polymer chain lengths and
polymer content of the S%LA—5%Gel hydrogel and 1.5%MA—
5%Gel hydrogels. Additionally, we show that while exhibiting a
higher stiffness after crosslinking, the S%LA—S5%Gel has a
faster stress relaxation time than the 1.5%MA—5%Gel, which
may be attributed to the alginate polymer molecular weight
difference. Existing literature has shown that the polymer
molecular weight affects the polymer system’s stress relaxation

3463

behavior, whereas Iower-molecular-weisght polymers exhibit
faster stress relaxation behaviors.****° Thus, our results
demonstrate the effect of alginate molecular weight on §elation
kinetics and the mechanical properties of hydrogels.”">*

While previous reports have explored the role of different
factors, such as nutrients, on the viscoelastic properties of
bacteria-encapsulated hydrogels,”® there is limited under-
standing of the effects of varying bacteria’s initial seeding
densities. Evaluating the effects of bacterial cell loading on
rheology, we examined four concentrations of S. typhimurium
encapsulated in the alginate-gelatin hydrogels of various
molecular weights. Up to an initial seeding concentration of
1 X 10" CFU mL™', the hydrogel viscoelasticity remained
relatively unaltered, indicating that bacteria did not signifi-
cantly affect the initial mechanical characteristics of the
hydrogels. However, the storage modulus decreased consid-
erably at the highest bacterial concentration (1 X 10" CFU
mL™"), and shear-thinning behaviors became more pro-
nounced. This response suggests that high bacterial concen-
trations modulate the microstructure of the gel, potentially
influencing the overall hydrogel mechanical integrity and
performance (Figure 3b,d), regardless of the hydrogel
composition. Our findings align with previous studies that
investigated the impact of bacterial concentrations on hydrogel
rheology. Work by by Zhao et al. evaluated the effects of
photosynthetic bacterial concentrations on hydrogel properties
for wound healing applications, revealing similar trends of
decreased storage and loss modulus with increasing bacterial
concentrations.”” Similarly, Kandemir et al. demonstrated that
incorporating a concentration of bacteria equivalent to 1% of
the total agarose hydrogel volume results in decreased
hydrogel elastic modulus; however, different effects were
observed for different species and the culture conditions
evaluated.”® These findings also align with the trends of
increasing mammalian cells in hydrogel systems for tissue
engineering applications,”**** where increasing cell concen-
trations decrease hydrogel viscosity.

Bioinks undergo shear deformation during extrusion,
affecting their print resolution and ability to maintain a
desired pore structure.”” Here, we observed that the
printability of the hydrogels remained largely unaffected by
the initial seeding bacterial concentrations up to 1 X 10’ CFU
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mL™". The structural integrity and fidelity of the printed
hydrogel constructs were maintained at this high initial cell
concentration. This result is encouraging for bioprinting
applications that aim to incorporate live bacteria into
constructs for specific functionalities, such as bioactive
wound dressings or engineered tissues with tailored micro-
biomes. After printing, we assessed the viability and
morphological changes of the biofilms within the hydrogels.
Cellular aggregates within S%LA—5%Gel and 1.5%MA—5%Gel
hydrogels exhibited high viability, with levels above 80%
maintained throughout the 4 day incubation period.
Interestingly, we observed that larger biofilm aggregates
formed in hydrogels with lower initial bacterial seeding
concentrations. Previous works aiming to assess external
mechanics’ effects on biofilm growth in confined environments
have primarily focused on using a single, dilute concentration
of bacteria and have demonstrated the development of larger
ordered colonies in stiffer environments.>”>> However, our
results have shown that microcolonies’ growth and size in
confined environments also depend on the bacterial concen-
tration in the confined space.

Moreover, the S%LA—5%Gel hydrogels consistently ex-
hibited larger biofilm aggregates across all initial bacterial
seeding concentrations in comparison to the 1.5%MA—5%Gel
hydrogels. The formation of large bacterial colonies within
hydrogels has been linked to mechanisms, such as restricted
motility, depletion aggregation, and bridging aggregation.
Staudinger et al. showed that P. aeruginosa encapsulated in
high-polymer-concentration agar and mucus hydrogels formed
larger microcolonies due to restricted motility, limiting
bacterial movement and forcing cells into localized clusters.>®
Similarly, Secor et al. identified depletion and bridging
interactions as key drivers of bacterial aggregation in polymer
matrices.”” Depletion aggregation dominates at high polymer
and cell concentrations, where entropy-driven forces pack cells
together, while bridging aggregation occurs at high polymer
concentrations but low cell densities, where polymer chains
form connections between individual cells, effectively “bridg-
ing” them into clusters. While these mechanisms explain
aggregation behavior, hydrogel stiffness and stress relaxation
also play crucial roles. Zhang et al. demonstrated that matrix
stiffness influences biofilm morphology and bacterial spatial
arrangement.‘?’7 Stress relaxation, which determines how the
matrix responds to applied stress over time, has been shown to
modulate cellular behavior. Faster stress relaxation has been
shown to enhance cell proliferation in 3D mammalian culture
by accommodating cellular forces.*”*”*° Valentin et al.
reported that E. coli adhered more to softer, viscous-like
substrates with longer relaxation times.”® However, Han et al.
observed reduced microcolony size for E. coli and Staph-
ylococcus aureus in stiffer methacrylate alginate hydrogels,
highlighting the complexity of these interactions.”” Here we
have observed a similar interplay between the hydrogel
stifiness and stress relaxation. The stiffer S%LA—5%Gel
hydrogel exhibited a faster stress relaxation than the softer
1.SMA—5%Gel hydrogel. This combination of high stiffness
and rapid relaxation likely created a favorable environment for
larger bacterial aggregates. The faster stress relaxation in the
stiffer hydrogel may enable the polymer network to readily
accommodate bacterial-induced forces, supporting both
depletion and bridging aggregation mechanisms. Additionally,
the unique stress relaxation behavior of the S%LA—5%Gel may
mimic aspects of soft-tissue-like environments, which could

further enhance aggregation. Understanding how bacteria—
matrix bidirectional interactions and matrix mechanical
characteristics modulate bacterial survival, microcolony
shape, and surrounding 3D environments is necessary for
future in vitro applications.”

5. CONCLUSION

Here, we focused on the effects of bacterial concentrations on
the alginate-based hydrogel rheology, printability, cell
aggregation, and viability. Our findings reveal that low initial
bacterial seeding concentrations, up to 1 X 10’ CFU mL™},
have minimal impact on the rheological properties of the
hydrogel precursors. However, when the initial seeding
concentration exceeded 1 X 10 CFU mL™', the hydrogel
precursors exhibited more pronounced shear-thinning behavior
and reduced printing resolution. This observation highlights
the importance of carefully controlling the bacterial loading in
hydrogel formulations to maintain optimal rheological
characteristics for extrusion-based biofabrication. We also
assessed the biofilm growth behavior in 3D confined
environments. We highlighted that both the initial bacterial
seeding concentrations and matrix rigidity influence biofilm
growth, where we observed larger biofilm clusters with lower
bacterial seeding concentrations in hydrogels with higher
stiffness and stress relaxation behavior. These findings hold
significant promise for advancing the design of biomaterials in
diverse biomedical applications, such as tissue engineering,
wound healing, and bioprinting, where controlling the
interplay between hydrogels and bacteria is crucial for
achieving the desired therapeutic outcomes. Insights gained
from this work may pave the way for mechanically tuned
hydrogel-based biofilm systems for advanced healthcare
applications.
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