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Reproducible 3D bioprinting of Streptococcus mutans to create 

model oral bio�lms
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ABSTRACT Novel approaches are needed to study relationships between oral bio�lm 

strains, enable three-dimensional oral bio�lm deposition, and hasten the rigor and pace 

of basic and translational bio�lm studies. Previously, 3D-bioprinters were leveraged to 

deposit spatially patterned bio�lms onto sugar-rich agar surfaces to study how the 

underlying spatial organization of various microbes impacts bio�lm persistence and 

virulence. Herein, we have developed a new method to adapt this process from limited, 

soft agar surfaces to biomimetic solid substrates submerged in aqueous solutions 

for studying oral bio�lms in vitro. Streptococcus mutans UA159 was used to compare 

standard in vitro bio�lm development with our new 3D-printed bio-ink hydrogels on 

hydroxyapatite disks, which mimic tooth surfaces. Bio�lms formed using the bio-ink 

methodology showed minimal quantitative di�erences in virulence factors, including 

environmental pH, biomass, and cell density, compared to bio�lms formed using the 

standard in vitro methodology. The bio-ink technique resulted in higher exopolysacchar­

ide deposition, a key virulence factor for bio�lm cohesion and protection, as well as 

more homogeneous spatial distribution of bacterial microcolonies. Our newly developed 

technique produces 3D-printable model bio�lms that match the virulence benchmarks 

of the standard method, opening possibilities to print bio�lms onto any substrate and a 

new way to study multidimensional bio�lm dynamics.

IMPORTANCE Dental caries is the most common oral disease caused by bio�lms in 

humans with cost limitations. Changes in the human diet have increased the exposure 

to sugar-rich processed food, increasing the incidence and severity of dental caries and 

creating greater rationale for understanding bio�lm deposition, microbial interactions, 

and maintenance of quiescence of the oral microbiota. Recent 3D-printing techniques 

have been leveraged to develop the �rst model bio�lms, providing spatial control over 

microbe deposition and enabling unprecedented investigation of the impact of cell-cell 

interactions and spatial organizationupon bio�lm persistence, sensitivity to drugs, and 

virulence. Here, we have developed new methods to extend bioprinting to oral bio�lms 

using cariogenic Streptococcus mutans. Our technique is an attempt to establish an 

alternative method for oral bio�lm formation in vitro that uses 3D-printing tools, 

preserving the virulence of standard in vitro bio�lms while amplifying the availability 

and versatility of methods for understanding the microbiome.

KEYWORDS Dental caries, bio�lms, Streptococcus mutans, bio-ink, hydrogel, 3D-bio­

printing

 B io�lms are a highly dynamic community of microorganisms embedded in a 

self-generated extracellular matrix (1–3). The predominance of certain microorgan­

isms in the bio�lm leads to changes in speci�c internal characteristics of the bio�lm 

community, including extracellular matrix density, permeability, and viscoelasticity. 

These internal changes can impact the virulence of bio�lms (4–6). One of the most 

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.00935-25 1

Editor Ilana Kolodkin-Gal, Reichman University, 

Herzeliya, Israel

Address correspondence to Danielle S. W. 

Benoit, dbenoit@uoregon.edu, or Anne S. Meyer, 

anne@annemeyerlab.org.

The authors declare no con�ict of interest.

See the funding table on p. 18.

Received 22 May 2025

Accepted 16 September 2025

Published 10 October 2025

Copyright © 2025 Rocha et al. This is an open-access 

article distributed under the terms of the Creative 

Commons Attribution 4.0 International license.

D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
jo

u
rn

al
s.

as
m

.o
rg

/j
o
u
rn

al
/s

p
ec

tr
u
m

 o
n
 1

0
 O

ct
o
b
er

 2
0
2
5
 b

y
 1

2
8
.1

5
1
.1

1
3
.2

5
.

https://crossmark.crossref.org/dialog/?doi=10.1128/spectrum.00935-25&domain=pdf&date_stamp=2025-10-10
https://doi.org/10.1128/spectrum.00935-25
https://creativecommons.org/licenses/by/4.0/


prevalent diseases caused by bio�lms in humans is dental caries, a�ecting 3.5 billion 

people, resulting in an annualworldwide cost of approximately $387 billion (7). The 

accumulation of microorganisms on the mineral surfaces of teeth, in combination with 

exposure to high sugar concentrations, increases the production of acid by caries-

related oral bio�lms. Development of dysbiotic oral bio�lm is particularly prevalent 

when combined with other internal factors, including poor dental hygiene caused by 

infrequent or poor techniques in tooth brushing, minimal use of �uoride, etc., and 

external factors, such as education, socioeconomic factors, systemic diseases, and lack 

of or poor insurance coverage (2, 4, 8). These multifactorial circumstances can cause 

changes in environmental pH and oxygen tension, causing an imbalance between the 

population of strains dwelling in these communities. The sum of these internal and 

external factors can increase the deposition of the extracellular matrix, protecting and 

giving more cohesion and viscoelasticity to bio�lms. Consequently, the bio�lm matrix 

will reduce saliva bu�ering, increasing local acid accumulation and promoting teeth 

demineralization, also known as dental caries (9–12).

Streptococcus mutans is a bacterial species prevalent in mature, dysbiotic oral bio�lms 

(5) and is, therefore, the most-studied oral bio�lm species. S. mutans predominates in 

caries because it has acid tolerance response mechanisms that allow it to survive in 

low pH environments by controlling cytoplasm acidi�cation (5, 12–15). Greater acid 

production upon exposure to a sugar-rich diet also favors its predominance within 

caries-related bio�lms (9, 15), resulting in the creation of larger deposits of extracellular 

matrix and disrupting the demineralization-remineralization process (8, 13, 14). Early 

colonizers, including Streptococcus gordonii, Streptococcus sanguinis, and others, also 

play an important role on the bio�lm deposition process. These species serve as the 

�rst layer of microorganisms that use adhesins to interact with the salivary pellicle on 

the hydroxyapatite surface, thereby creating new binding sites for late colonizers like 

S. mutans (16, 17). However, environmental changes like high sugar exposure, oxygen 

tension, or changes in the pH may alter population predominance, microbial metabo­

lism, and spatial distribution of microorganisms in the bio�lm (18, 19). S. mutans uses 

F-ATPase and arginine deiminase systems to overcome the acid challenges and oxidative 

stresses faced during bio�lm maturation and can become the predominant population 

in mature caries-related model bio�lms in vitro (15, 20, 21). Most of the S. mutans 

population lives in the core of the bio�lm protected by the strains more sensitive to 

environmental variation that live on the bio�lm boundaries and near the extracellular 

matrix (20, 22, 23). In summary, caries-related dental bio�lms are a highly dynamic 

multi-species community of microorganisms protected by a viscoelastic, nonpermeable 

matrix in which topical treatments such as saliva bu�ering or drugs cannot reach the 

bacteria on the core of mature bio�lms due to low permeability, attacking only the more 

susceptible strains in the periphery (17, 20, 23).

The extracellular matrix of oral bio�lms plays crucial roles in microbial protection, 

facilitating microbial interaction or co-aggregation, and serving as a source of nutrients 

(11, 17, 22, 24, 25). It largely comprises polysaccharides (polymeric chains made 

up of glucans), proteins, lipids, nucleic acids, lipopolysaccharides, extracellular DNA, 

and lipoteichoic acid (22, 25, 26). The internal bacterial population and biochemical 

environment of a bio�lm can in�uence the production and deposition of each of these 

components (27, 28). In the presence of sugar, glycosyltransferase enzymes produced 

by S. mutans result in the production of glucans with α1-3-linkages, which are highly 

viscoelastic, less permeable, and alkali soluble; glucans with α1-6-linkages are compara­

tively less viscoelastic, more permeable, and water-soluble compared with α1-3-linkages; 

and fructans (4, 29–31). Therefore, a mature cariogenic bio�lm containing more S. mutans 

is a challenge to remove either via mechanical brushing due to its high viscoelasticity or 

via topical treatments due to its low permeability (25, 32–34).

Screening new natural or synthetic products that can mitigate bio�lm formation 

without creating bacterial resistance and that can penetrate or disrupt the challenges 

of the extracellular matrix is critical to develop more e�ective approaches to combat 
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caries-related oral bio�lms (23, 35). Current standard methods have been designed to 

develop bio�lms in vitro to study bio�lm biology, characterize bacterial interactions, 

and screen potential drugs. For these methods, the bacterial inoculum is prepared, a 

substrate such as natural tooth, synthetic hydroxyapatite disks, or other material of 

interest is exposed to the inoculum, and the samples are incubated under static or 

shaking conditions over time to allow for bio�lm formation (Fig. 1) (23, 36). 3D-printing of 

microbes embedded within bio-ink is a new methodology developed in the last decade 

to automate the process of bio�lm formation in vitro (37). In straightforward alginate-

based bioprinting, the bio-ink contains the microorganisms, sugar, and hydrogel based 

on alginate. The bio-ink gelation process begins upon exposure to divalent cations, such 

as calcium (38–40). Alginate forms ionic crosslinks in a rapid concentration-dependent 

process (38, 41). This rapid hydrogel formation is an advantage for 3D-printed and 

controlled deposition of bio�lm-forming strains to understand biological mechanisms of 

bio�lm formation and develop targets for bio�lm management (41–43). The develop­

ment of 3D-printing technologies for microbes has enabled control over deposited single 

and multilayer strains (42–44) and can allow microbial viability and growth as well as 

development of bio�lm phenotypes (42, 44–46).

Despite the opportunities inherent in 3D bioprinting of bio�lm-forming microbes, 

3D-bioprinting has not been applied to study oral bio�lms. Additionally, the well-estab­

lished technique of bioprinting of bio�lms has been limited to agar surfaces as a primary 

source of sugar for bio�lm growth (43, 44). However, to reproduce an oral environment, 

several challenges must be overcome to adapt the 3D-bioprinting technique for di�erent 

substrates that better emulate oral cavities. The challenges faced include the following: 

(i) to deposit the bio�lm onto hydroxyapatite (HA), a non-sugar mineralized surface that 

mimics tooth surfaces; (ii) to create a suitable environment for microorganisms in which 

they can be fed properly with sucrose after the sugar-rich agar surface has been replaced 

with a hydroxyapatite mineral surface; (iii) to develop a hydrogel that can maintain 

its structure upon extended exposure to aqueous media, while also allowing for the 

microorganisms to organize the community, creating deposits of extracellular matrix 

inside the hydrogel; (iv) the bio�lm community must display virulence characteristics 

that are comparable with the well-established standard bio�lms used in previous in vitro 

studies (Fig. 1A) (10, 13, 23, 36, 49, 50).

Therefore, in this work, we investigated whether the 3D microbial bioprinting 

technology could be used to develop model cariogenic bio�lms. The new methodology 

leverages 3D-bioprinting of the microorganism Streptococcus mutans UA159, a model for 

in vitro single-species oral bio�lm cariology studies, onto hydroxyapatite and compares 

the resultant 3D-printed bio�lms to the standard method for creating oral bio�lm 

deposits. Virulence factors that characterize a cariogenic bio�lm, including dry weight, 

bacterial population, environmental pH, exopolysaccharide matrix content, and bacterial 

3D distribution over time, were measured to compare the two approaches to developing 

cariogenic bio�lms. This innovation may open a variety of research opportunities to 

study bio�lms on hydroxyapatite using 3D-bioprinting.

RESULTS AND DISCUSSION

Development of a novel technique for 3D-printing oral bio�lms onto 

hydroxyapatite surfaces

Microbial bioprinting has opened new avenues to studying di�erent mechanisms of 

bio�lm development and maturation in vitro (42, 43, 45, 47) (Fig. 1A). Expanding the 

possible 3D-printing substrates beyond the limits of agar surfaces may enable emu­

lation of environmentally or biomedically relevant bio�lms that have unique spatial 

organizations underpinning their function, such as model intestinal bio�lms that 

include three-dimensional interaction between the constituent microorganisms (51). The 

primary goal of this project is to create a 3D-bioprinted method that can produce model 

oral bio�lms that display similar biological and virulence phenotypes to oral bio�lms 

created using the standard method currently used (Fig. 1A).
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To develop a technique for 3D-bioprinting oral bio�lms onto tooth-mimicking 

hydroxyapatite surfaces submerged within aqueous media, several modi�cations were 

implemented to the previously developed alginate-based bio�lm printing techniques. 

First, the 3D-printed bacteria were cultured within a growth media containing the 

alginate used to form the bio-ink’s supportive hydrogel polymeric network, rather than 

supplementing the alginate into the culture medium following bacterial growth, thereby 

preventing dilution of the bio-ink culture medium during bio-ink preparation (42–44, 47). 

Second, the bio�lm culture medium used for submerging the 3D-printed bio-ink samples 

was enriched with 0.1 M of calcium chloride crosslinking agent, allowing the hydrogel 

structure to remain submerged within the liquid culture medium for extended periods 

without depolymerizing or drying during culture, although natural bio�lm development 

does not require this supplementation to occur. Third, to prepare the hydroxyapatite 

disks for printing, they were incubated brie�y in calcium chloride solution to impregnate 

them with the crosslinking agent, enabling solidi�cation of the alginate bio-ink upon 

deposition analogous to previously described methods for 3D-bioprinting onto calcium 

FIG 1 Generation of 3D-printed oral bio�lms on hydroxyapatite surfaces. (A) Scheme showing the methodological di�erences between the preparation of 

standard bio�lms (upper), a previously developed bio-ink methodology (middle, not analyzed here) (42, 43, 47, 48), and the novel bio-ink methodology tested 

here (lower) (created in https://BioRender.com). Standard model bio�lms are formed by submerging a hydroxyapatite disk within the microbial culture (purple) 

to allow for bacterial adhesion and bio�lm deposition on the substrate over time. The previous bio-ink methodology facilitates deposition of bacteria-containing 

bio-ink (purple) onto agar plates. The new bio-ink methodology facilitates deposition of bio-ink bio�lms onto hydroxyapatite discs, which are then submerged 

within fresh culture media supplemented with 0.1 M calcium chloride. (B) Photographs of standard (upper) and bio-ink (lower) bio�lms, showing the disks at 0 

and 67 h. The hydrogel structure of the bio-ink bio�lms was maintained throughout the incubation period.
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chloride-containing agar plates (42). Printing was followed by a short incubation (5 min) 

to allow hydrogel gelation, after which the hydroxyapatite disks with the bio-ink on top 

were carefully immersed within the liquid culture medium to allow for bio�lm develop­

ment (Fig. 1A).

Streptococcus mutans UA159 single-species bio�lms were prepared in duplicate for 

a minimum of three di�erent experiments and analyzed after 43 h and 67 h by depoly­

merizing the alginate hydrogel with sodium citrate (42). In an attempt to standardize 

the 3D-bioprinted bacterial inoculum, bio-ink was prepared containing Streptococcus 

mutans at 107 CFU/mL (Fig. 1A), determined from an experimentally derived standard 

curve, and extruded onto hydroxyapatite disks. The same initial bacterial pre-inoculum 

culture that was prepared to create the bio-ink was also used to create all controls that 

used standard bio�lm deposition, in which hydroxyapatite disks were directly exposed 

to liquid microbial culture at equivalent microbial concentrations (Fig. 1A) (13, 23). 

Two additional control conditions were utilized, standard bio�lms grown with calcium 

chloride supplementation in the culture medium and standard bio�lms post-treated 

with sodium citrate, to analyze any impact of incubation with calcium chloride cross­

linking reagent or from the depolymerizing post-treatment with sodium citrate. The 

experimental images at 0 and 67 h demonstrate that the bio-ink bio�lm was visible on 

the HA disks and that the hydrogel structure was maintained over the 67 h incubation 

time (Fig. 1B), likely due to the calcium supplementation.

3D-printed oral bio�lms support bacterial growth

To determine the ability of 3D-printed S. mutans bacteria to survive and proliferate within 

the hydrogel, the insoluble dry mass was measured at 43 and 67 h of development 

(Fig. 2A). This assay indicates the amount of biomass within the bio�lms, including live 

or dead cells, exopolysaccharide matrix, proteins, etc (13, 29). At 43 h, signi�cantly less 

dry mass was observed for the bio-ink bio�lm samples (≤66.6%, P ≤ 0.001) versus the 

standard bio�lm (Fig. 2A). The dry mass of the standard bio�lms that had been depoly­

merized with sodium citrate at 43 h was also signi�cantly lower than that of the standard 

bio�lms while being statistically indistinguishable from that of the bio-ink bio�lms (Fig. 

2A and Fig. S1A). These results indicate that the lower biomass in the bio-ink samples 

may have been attributable to the sodium citrate post-treatment employed to depoly­

merize the alginate during bio�lm collection and processing, which is consistent with 

the �ndings of previous literature showing that sodium citrate treatment of 3D-printed 

bio�lms at early time points results in signi�cantly decreased bacterial viability (43). 

Calcium treatment of the standard bio�lms was not observed to create a signi�cant 

di�erence in biomass compared to the standard bio�lms (Fig. 2A and Fig. S1A, standard 

versus control calcium), demonstrating that the calcium supplementation in the bio-ink 

samples likely did not interfere with the bio�lm formation.

At 67 h, increased dry weights were measured for all samples, and no statistical 

di�erences were identi�ed in dry mass between bio-ink and standard bio�lms (P ≥ 

0.05) (Fig. 2A) or versus any other control samples (Fig. 2A; Fig. S1A). The relatively 

larger standard deviation seen for the bio-ink samples compared to the standard 

samples (Fig. 2A) may indicate higher variability in bio�lm development in the bio-ink 

condition. The mature bio�lms at 67 h may have been less a�ected by the sodium 

citrate treatment in comparison to the younger samples at 43 h due to the increased 

amounts of extracellular matrix, which is associated with resistance to sodium citrate in 

3D-printed bio�lms (43, 47) and which can protect, stabilize, and confer viscoelasticity to 

bio�lm structures (1, 12, 52). This result indicates that longer incubation periods for the 

3D-bioprinted bio�lms resulted in stronger bio�lm community development that was 

directly comparable to that of the standard bio�lms, with no measurable impact on the 

dry weight measurements of the mature bio�lms by the post-processing treatment with 

sodium citrate.

To measure the size of the bacterial population in the bio�lm samples over time, we 

determined the number of colony forming units (CFUs) in the bio�lms at both 43 and 
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67 hours (Fig. 2B). High CFU levels (≥108 CFU/mL) were seen for standard and bio-ink 

bio�lms at both timepoints, and no statistical di�erences were found between bio-ink 

bio�lms and any of the control groups tested (Fig. 2B; Fig. S1B). These results indicate 

that the bio-ink bio�lms were able to support S. mutans survival and growth at rates 

comparable to that of the standard model. Additionally, the similarity in CFU levels across 

conditions indicates that the di�erences seen in the biomass of standard versus bio-ink 

bio�lms at 43 h did not derive from di�erences in the number of living bacteria within 

the communities at that time point. The variance in biomass could instead be related 

to the sodium citrate post-processing treatment or to di�erences in the production of 

extracellular matrix components.

3D-printed oral bio�lms deposit increased exopolysaccharide matrix

The 3D-printed S. mutans bio�lms were quantitatively analyzed for their ability to deposit 

exopolysaccharides. One of the most important virulence factors is the deposition 

of the extracellular matrix, the structure of which provides structural cohesion and 

stability, protection from environmental insults, and a nutritional source in conditions 

of sugar shortage (9, 11, 25). The most abundant component of the extracellular matrix 

is exopolysaccharides (52, 53), made of polymerized glucans and fructans (52). Polysac­

charide abundance can be determined quantitatively by extracting either the water-solu­

ble polysaccharides (WSP; predominantly α1-6-glucan linkages) or the alkali-soluble 

polysaccharides (ASP; predominantly α1-3-glucan linkages) and measuring their absolute 

abundance using a phenol-sulfuric acid assay (54).

Quanti�cation of the water-soluble polysaccharide content of the di�erent samples 

indicated that the bio-ink bio�lms deposited signi�cantly higher amounts of WSP 

compared to the standard bio�lm samples at both time points (Fig. 3A). The bio-ink 

bio�lms contained approximately twice as much WSP than the standard bio�lm samples 

FIG 2 3D-printed oral bio�lms support bacterial growth over time. (A) Insoluble dry mass of standard and bio-ink bio�lms. (B) Population of viable S. mutans 

in standard and bio-ink S. mutans bio�lms. Data are shown as mean ± standard deviation from three independent experiments in duplicate using ANOVA with 

Tukey’s correction for multiple comparisons. **** indicates P ≤ 0.0001, *** indicates P ≤ 0.001, and ns indicates no statistical di�erence. CFU/mL, colony-forming 

units per milliliter.
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tested (Fig. 3A; Fig. S2A). This increased amount of WSP is predicted to increase the 

bio�lm cohesion, as well as the di�culty for topical treatments to penetrate and target 

the microbial community in these 3D-printed bio�lms. Two additional control conditions 

were utilized: standard bio�lms grown with calcium chloride supplementation in the 

culture medium and standard bio�lms post-treated with sodium citrate, to analyze 

any impact of incubation with the calcium chloride crosslinking reagent or from the 

depolymerizing post-treatment with sodium citrate. The WSP deposition for the standard 

bio�lms was not signi�cantly di�erent from either of the control groups (Fig. S2A), 

indicating that calcium supplementation and sodium citrate post-processing did not 

contribute to the increased WSP deposition in the bio-ink bio�lms.

Quanti�cation of the alkali-soluble polysaccharide content of the bio�lm samples 

showed that the bio-ink bio�lms contained a similar amount of deposited ASP at the 

43 h time point (P = 0.20) and a statistically higher amount of deposited ASP at the 67 h 

time point (P = 0.003) compared to standard bio�lms (Fig. 3B). Analysis of the control 

samples indicated that calcium ion supplementation in the culture medium did not 

interfere with exopolysaccharide deposition (Fig. S2B). The sodium citrate post-treatment 

resulted in decreased ASP amount at 43 h, but not at 67 h (Fig. S2B), showing that the 

di�erence observed in the bio-ink bio�lm dry weight at 43 h can be at least partially 

related to exopolysaccharide components. The signi�cant reduction of ASP amount seen 

for sodium citrate-treated control samples at 43 h may indicate that the bio-ink samples 

produce more ASP at this early time point than was able to be measured due to sample 

loss during post-processing. The total amount of ASP deposited by each type of bio�lm 

was nearly two times higher than the WSP content. As an additional control, the bio-ink 

alginate hydrogel by itself, without added microorganisms, was also tested in the WSP 

and ASP assays, which revealed no detectable levels of WSP and ASP, indicating that the 

alginate-based bio-ink by itself did not impact these tests.

ASP matrix polymers have higher viscoelastic and impermeability characteristics 

compared to WSP (26), indicating that the bio-ink S. mutans bio�lms expressed 

pathogenic characteristics (15) (Fig. 3). The overall higher exopolysaccharide content 

of the bio-ink bio�lms implies that they will pose a greater challenge to the per­

meability and e�ectiveness of topical treatments relative to the standard bio�lms. 

FIG 3 3D-printed oral bio�lms deposited a greater amount of exopolysaccharides. (A) Water-soluble exopolysaccharides and (B) alkali-soluble exopolysacchar­

ides of standard and bio-ink S. mutans bio�lms. Data are shown as mean ± standard deviation from three independent experiments in duplicate using ANOVA 

with Tukey’s correction for multiple comparisons. **** indicates P ≤ 0.0001, ** indicates P ≤ 0.01, and ns indicates no statistical di�erence.
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These bio-ink bio�lms are also expected to display an increased bio�lm cohesion that 

facilitates microbial co-aggregation, as well as high deposition of nutrient sources for 

the embedded microbes. If this method is used for testing the drug e�ciency in future 

studies, the adaptive stress responses elicited by the application of topical treatments 

may result in increased polysaccharide deposition, possibly decreasing the e�ectiveness 

of the topical treatments due to greater exopolysaccharide content that can directly 

impact di�usion (11, 32).

3D-printed oral bio�lms acidify their environment

Acidi�cation of the environmental pH is an indicator that microorganisms in a cariogenic 

oral bio�lm can interact with the sugar from the culture medium, metabolizing it via 

pyruvate to produce energy sources to survive. The resultant lactic acid deposits can lead 

to hydroxyapatite demineralization in vivo and bacterial selectivity (15, 16, 20). Bio-ink 

bio�lms exhibited a slower reduction in environmental pH versus standard bio�lms at 19 

and 27 h (Fig. 4). However, at 43 h and throughout the remainder of the experiment, both 

the bio-ink and the standard bio�lms exhibited pH ~4.5, consistent with previous studies 

of model S. mutans bio�lms (23) (Fig. 4). The control bio�lms showed pH values that 

were similar to those of the standard bio�lms (Fig. 4; Fig. S3B), indicating that calcium ion 

supplementation to the bio-ink culture medium and the sodium citrate post-treatment 

did not interfere with the environmental acidi�cation.

The slower initial drop in pH for the bio-printed bio�lms was likely related to the 

distribution of microorganisms since the microorganisms in the hydrogel were immersed 

within the sterile culture medium, diluting the acid produced by the bio-printed 

hydrogel. In comparison, the standard bio�lms were immersed within the bacterial 

culture, as highlighted in Fig. 1, in which all microorganisms were producing acid, 

including the microbes that were not attached to the hydroxyapatite disk. Therefore, 

for the 19 h time point, any acid that was created by the bio-ink bacteria was diluted 

into the clean culture medium, whereas for the standard bio�lms, the planktonic bacteria 

as well as the developing bio�lm bacteria were all able to contribute to lowering the 

pH. Equivalent pH levels were observed for bio-printed and standard bio�lms following 

FIG 4 3D-printed oral bio�lms acidify their environment. Environmental pH of bio-ink and standard bio�lms over time. Mean 

and standard deviation are plotted for each time point.
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the �rst change of the culture medium, which removed free bacteria cells present in 

the medium for the standard bio�lms that did not participate in the bio�lm formation 

process. Thus, starting at the 27 h time point, any acid was produced only by bacteria 

present in the bio-ink or adherent to the hydroxyapatite surface. These data con�rm that 

the updated 3D-bioprinting methodology was able to allow nutrient and metabolism 

waste product exchange with the environment as well as to protect the embedded 

microbes and promote a suitable environment for oral bio�lm formation in vitro.

3D-printed S. mutans form patterned oral bio�lms

Confocal microscopy was used to track the growth and distribution of S. mutans bacteria 

within the bio�lms at 19 h and 67 h. Samples were incubated in the presence of 

�uorophore-labeled dextran added to the culture medium during bio�lm development 

to label the exopolysaccharides in the extracellular matrix. Prior to imaging, bacterial 

cells were labeled using SYTO 9, a �uorescent nucleic acid stain. Since the bio�lm 

samples were too thick to allow for confocal microscopy imaging throughout the entire 

volume of the samples, the microscopy images are provided to illustrate the patterns 

of spatial organization for the microcolonies and EPS, rather than to show the overall 

content of these components.

The standard bio�lm samples at 19 h were composed of bacterial microcolonies 

of heterogeneous sizes and shapes with a non-uniform spatial distribution, localized 

exclusively to the surface of the hydroxyapatite (Fig. 5A). At the same time point, the 

bio-ink bio�lms showed a fairly uniform spatial distribution of microcolonies throughout 

the height of the sample (Fig. 5A). The bio-ink microcolonies were spatially separated 

from neighboring colonies and surrounded by the deposited extracellular matrix (Fig. 

5A). Quanti�cation of the relative sphericity of the microcolonies revealed that the 

microcolonies of the bio-ink bio�lms were statistically signi�cantly more spherical than 

those of the standard bio�lms (Fig. 5B), and analysis of the microcolony areas indicated 

that the bio-ink bio�lm microcolonies had signi�cantly larger average surface areas (Fig. 

5C) at 19 h.

At 67 h, the S. mutans microcolonies of the standard bio�lms had grown and 

merged into large cluster-like macrocolonies that were fully embedded within exopoly­

saccharides and remained localized to the hydroxyapatite surface (Fig. 5A), as described 

previously in the literature for both standard in vitro bio�lms (11, 20, 52) and in vivo 

oral bio�lms (12, 17, 22, 49, 55). The microcolonies of the 67 h bio-ink bio�lms main­

tained their initial nearly spherical morphologies (Fig. 5B) and had increased radially 

in size compared with the early time point (Fig. 5A and C). The spatially distributed 

microbial colonies in the bio-ink bio�lms were separated by large areas of exopolysac­

charides distributed throughout the entire sample, in contrast to the standard bio�lm 

exopolysaccharide that was largely blanketed overtop of the microbes (Fig. 5A). The 

quanti�cation indicated that the sphericity of the bio-ink bio�lms remained high and 

similar to the initial time point, in contrast to the standard bio�lm microcolonies, which 

exhibited greatly decreased sphericity and were signi�cantly less spherical than the 

bio-ink microcolonies at 67 h (Fig. 5B). Microcolony surface area analysis showed that the 

standard bio�lms contained fewer individual microcolonies with an increased average 

calculated surface area compared to the 19 h time point, while the bio-ink bio�lms 

maintained a higher number of smaller microcolonies, which had also increased in 

surface area over time and showed signi�cantly smaller average surface areas than the 

standard bio�lm microcolonies (Fig. 5C).

Imaging of the control bio�lms revealed that calcium ion supplementation to the 

bio-ink culture medium and the sodium citrate post-treatment did not contribute to 

changes in the patterns of microbial or exopolysaccharide distribution in the bio�lms 

(Fig. S4A). These control bio�lms all showed a marked decrease in sphericity over 

time with no statistical di�erence found between the control groups and the stand­

ard bio�lms at both 19 and 67 hours (Fig. S4B), as well as coalescence over time of 
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FIG 5 Three-dimensional oral bio�lm structure over time. (A) Representative �uorescence confocal 

microscopy images of 19 h and 67 h S. mutans bio�lms. The green color indicates microorganisms 

(labeled with SYTO9). The red color represents exopolysaccharides in the extracellular matrix produced 

by S. mutans (labeled with dextran-Alexa Fluor 647). The schematic illustrations show the spatial 

organization of the bacterial microcolonies (brown) relative to the HA surface (beige) in the standard 

and the bio-ink bio�lms, as seen from the confocal microscopy imaging. Single-channel images are top 

views, and merged images were tilted at 45°, with the HA surface located at Z = 0 for each of the images. 

Imaging was performed at 20×. Scale bars represent 100 µm. (B) Sphericity of individual microcolonies at 

19 h and 67 h, and (C) Surface area (µm2) of individual microcolonies at 19 h and 67 h. Quanti�cations 

were performed using ImarisViewer 10.1.0. Statistical analyses were performed using a Kruskal-Wallis test, 

followed by Dunn’s test. **** indicates P ≤ 0.0001.

Research Article Microbiology Spectrum

Month XXXX  Volume 0  Issue 0 10.1128/spectrum.00935-2510

D
o
w

n
lo

ad
ed

 f
ro

m
 h

tt
p
s:

//
jo

u
rn

al
s.

as
m

.o
rg

/j
o
u
rn

al
/s

p
ec

tr
u
m

 o
n
 1

0
 O

ct
o
b
er

 2
0
2
5
 b

y
 1

2
8
.1

5
1
.1

1
3
.2

5
.

https://doi.org/10.1128/spectrum.00935-25


many smaller microcolonies to form larger microcolony clusters, showing no signi�cant 

di�erences with the standard bio�lms at 67 h (Fig. S4C).

Overall, the confocal microscopy images showed that the bio-ink samples developed 

oral bio�lms on the hydroxyapatite surfaces, containing a rich population of cells living in 

organized communities highly protected by exopolysaccharides. The microscopy results 

could potentially indicate changes in bio�lm development arising from the bio-ink 

hydrogel matrix. The initial sparser distribution and greater average surface area of the 

individual microcolonies in the bio-ink samples may have allowed for the formation 

of more extensive exopolysaccharide structures surrounding each of the microcolonies, 

consistent with the larger amount of WSP seen for the bio-ink samples at early time 

points, and consequently a larger space in which to create matrix deposits compared to 

the standard method, while also potentially preventing the merging of the microcolonies 

to form larger units. Further experimentation to observe bio-ink bio�lm development 

over time in concert with di�erent levels of extracellular matrix will be required to 

determine the mechanisms underlying the spatial distribution of the bacteria.

3D-printed oral bio�lm structure and mechanical properties mature over 

early time points

To investigate the e�ect of bio�lm development on the mechanical and structural 

properties of the bio-ink bio�lms, imaging and rheological characterization was 

performed. Hydrogel structure and pore size of the developing bio-ink bio�lms after 

incubation for varying time points was analyzed by preparing thin cryosections of the 

bio�lms and analyzing them using cryo-scanning electron microscopy (cryo-SEM). The 

cryo-SEM images revealed the random hydrogel network formed by alginate around the 

bacteria cells at all time points (Fig. 6A), in agreement with the confocal microscopy 

images (Fig. 5A). The average pore diameter was approximately 20 µm at the 0 h 

time point, after which it showed a statistically signi�cant decrease in size, decreasing 

to an average of approximately 3.5 µm after 19 h. The pore diameter did not show 

signi�cant changes in size for the 43 or 67 h time points (Fig. 6B). These µm-scale pores 

are large enough to enable facile transport of water and gas molecules, sucrose, and 

bacterial byproducts including lactic acid. However, the presence of the hydrogel was 

not associated with spatial organization of the bacteria into a bio�lm in the same way 

as in the standard bio�lms. These cryo-SEM data indicate that the bio-ink hydrogel 

may have served as a physical barrier to bacterial organization over time, resulting 

in both increased exopolysaccharide deposition (Fig. 3) and smaller, more spherical 

isolated microcolonies observed by confocal microscopy at 67 h (Fig. 5). Our bio-ink 

bio�lm model thereby di�ers from the standard in vitro model that currently is the most 

accepted to mimic the in vivo �ndings, wherein the urbanization sequence results in (i) 

restriction of bio�lm microcolonies to the hydroxyapatite surface and (ii) the combina­

tion of smaller microcolonies to become larger clusters within bio�lms over time (56).

To analyze the viscoelastic properties of the bio-ink bio�lms over time, strain and 

frequency sweep rheology testing were performed on bio-ink bio�lms at di�erent time 

points to characterize and quantify the linear viscoelastic region (LVR). Strain sweep 

analysis of the bio-ink bio�lms showed a 5% decrease in storage modulus at 0.25% 

strain (Fig. S5A), which was used as the reference for the following tests. Frequency 

sweep experiments showed that hydrogels at 0 h displayed a lower storage modulus at 

frequencies above 10 Hz, compared to the 19 h and later time points, which exhibited 

a similar, higher storage modulus at >10 Hz frequencies. (Fig. S5B). Throughout the 

measurements, storage moduli were observed to be greater than loss moduli, indicating 

predominantly elastic behavior of the bio-ink bio�lms. Additional rheological testing was 

performed to measure the time that it takes the bio-ink bio�lms to fully gelate upon the 

addition of calcium chloride as a crosslinking agent. The hydrogel gelation was observed 

to begin immediately upon the application of calcium chloride, as seen by an increase 

in the storage modulus. The gelation process was mostly complete within the �rst 15–20 

seconds, with a slower increase in storage modulus seen over time thereafter (Fig. S5C).
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The mechanical sti�ness of the bio-ink bio�lms over time was measured by per­

forming compression tests. The Young’s modulus showed a signi�cant, nearly twofold 

increase between the 0 and 19 h time points, after which no statistical di�erences 

in hydrogel sti�ness were observed (Fig. 6C). Overall, the �rst 19 h of bio-ink bio�lm 

development were seen to coincide with a decrease in the hydrogel pore size, and 

this denser matrix displayed higher sti�ness and higher ability to store energy elasti­

cally while maintaining overall elastic behavior. These mechanical changes in the early 

period of bio-ink bio�lm development could be due to more highly crosslinked hydrogel 

FIG 6 3D-printed oral bio�lm structures and mechanical properties mature during early time points. (A) Cryo-scanning 

electron microscopy of bio-ink S. mutans bio�lms after 0, 19, 43, and 67 h of incubation. (B) Hydrogel pore diameter and 

(C) Young’s modulus of bio-ink hydrogels (n = 24). Data are shown as mean ± standard deviation using ANOVA with Tukey’s 

correction for multiple comparisons. **** indicates P ≤ 0.0001.
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matrices over time, attributable to a combination of ongoing alginate crosslinking and 

initial bacterial production of EPS polymers.

Our experiments showed that bio-printed Streptococcus mutans was able to 

proliferate post-deposition, creating bio�lms that displayed similarly sized microbial 

populations, reproduced the standard hallmarks of virulence for oral bio�lm virulence 

factors including biomass and environmental acidi�cation. The bio-ink bio�lms displayed 

increased glucan content compared to standard methods of bio�lm formation, which 

could be a positive factor for research that is focused on evaluating topical treatments 

by increasing the challenge for the tested therapy via increased exopolysaccharide 

challenge for the topical treatment. Cryo-SEM and rheology data indicated that the 

overall structure of the deposited hydrogel was preserved during the development 

of the bio-ink bio�lms and supplemented with bacteria-produced extracellular matrix. 

This hydrogel network likely allowed the bacteria to grow and divide over time to 

form microcolonies but partially restricted the developing microcolonies from merging 

with neighboring microcolonies, as has been seen for other 3D-bioprinted and hydrogel-

embedded microbes, impacting the bio�lm self-organization (57–59). Future work can 

also focus on optimizing the 3D-printed hydrogel structure to allow the bacteria to 

associate in larger clusters, which would mimic the spatial distribution seen in both the 

standard in vitro models and in vivo samples. The di�erences seen in the microcolony 

spatial distribution may indicate that our bio-ink methodology currently has limited 

clinical relevance; hydrogel optimization will be crucial for the future success of this 

3D-bioprinted in vitro technique. Further tests must be performed to determine whether 

the di�erences in the three-dimensional microbial distribution will have an impact 

on bio�lm performance in in vitro studies such as drug screening or drug e�ciency 

testing (17, 49, 55). After these initial challenges are overcome, we envision that further 

proof of concept can be addressed by testing this new methodology with several other 

combinations of methods, including using a multispecies bio�lm, modi�cations to the 

culture medium by adding saliva or starch, or introducing the bio-ink bio�lms into a 

bioreactor to better mimic the salivary �ow and create a dynamic environment. It is early 

to directly compare this methodology with the in vivo environment due to the numerous 

challenges faced in translating from a developing in vitro method to the dynamic in vivo 

oral microbiome.

Following further optimization of the bio-ink hydrogel chemistry, this 3D-bioprint­

ing approach can potentially be the �rst step for in vitro methodologies in several 

research �elds related to oral or general health. Some future directions of this new 

methodology for 3D-bioprinting oral bio�lms can include studying the deposition of 

extracellular matrix components under external aggressors such as topical treatments, 

salivary components, or natural/synthetic drugs. This 3D bioprinting technique also 

opens the possibility to automate oral bio�lm formation process in vitro without 

substrate restrictions or with top-down control over the physical dimensions of the 

bio�lm. For future improvements, 3D bioprinting could be combined with bioreactor 

culturing, allowing greater control over environmental factors such as external pH, sugar 

availability, and �uid �ow, or allowing for the addition of late microbial colonizers over 

time to study bacterial interactions. Additionally, development of 3D-bioprinted oral 

bio�lms that include incubation with saliva and dietary carbohydrates would allow for 

closer emulation of in vivo parameters a�ecting bio�lm development and adoption of 

cariogenic phenotypes (21). This 3D bioprinting methodology can also enable deeper 

characterization of single- and/or multispecies bio�lms and can allow the development 

of new approaches to manage oral bio�lms for maintaining and improving health.

MATERIALS AND METHODS

All chemicals were supplied by Sigma-Aldrich unless stated otherwise. Type 1 MilliQ 

water with resistivity of 18.2 MΩ.cm or greater (Milli-Q Benchtop Lab Water Puri�cation 

Systems, Sigma-Aldrich) was used for all solution preparation in this study. All incubation 
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steps were performed at 37°C and 5% CO2 (Binder C, Binder Inc., Bohemia, NY). The 

centrifuge used was Eppendorf 5810R (Eppendorf SE, Hamburg, Germany). The data 

were organized using Microsoft Excel (Microsoft Corp., Redmond, WA), and the statistical 

analyses were performed on GraphPad Prism 10 (GraphPad Software, Inc., La Jolla, CA). 

The software recognized no statistical outliers to be removed from the tests. One-way 

ANOVA or Kruskal-Wallis tests were performed, employing a signi�cance level �xed at 

5%, followed by post hoc Tukey’s or Dunn’s to perform multi-comparison tests. The 

statistical tests were performed to compare groups tested within speci�c time points, 

and the speci�c statistical method used was based on the Shapiro-Wilk test result.

Culture medium

The culture medium used to create the bio-ink was 2.5% tryptone, 1.5% yeast extract, 

and 1.5% alginate, supplemented by 1% sucrose. The alginate was added during the 

medium preparation before autoclaving to prevent dilution of the culture medium with 

alginate. The standard culture medium used to submerge the bio-ink and perform 

media changes was 2.5% tryptone, 1.5% yeast extract, supplemented by 1% sucrose and 

0.1 M calcium chloride. Since the culture medium was an isotonic solution that could 

dissolve the alginate hydrogel after several hours, 0.1 M calcium chloride was added 

to the bio-ink and standard + calcium group as a culture medium supplementation 

to stabilize the hydrogel for longer incubation periods and as a control for our experi­

ments. The supplementation was present on all culture medium changes. The control 

groups contained or lacked the calcium chloride supplementation depending on the 

experimental design.

Upon reaching the age required for data collection, some of the samples were 

submerged into a solution of 0.5 M sodium citrate for 2 h after the experimental period 

(43 h) to remove the alginate following the experimental group design. The culture 

medium was changed twice daily at 19, 27, 43, and 51 h.

Experimental group design

Experimental groups were created to verify bio�lm formation using this novel bio-ink 

methodology versus traditional accumulation on the mineral surface. The experimental 

design goals were to observe the impact of calcium supplementation in the culture 

medium and the impact of post-treatment using sodium citrate to depolymerize the 

bio-ink. Thus, the groups were divided into (i) standard (standard growth without 

calcium chloride and no sodium citrate treatment), (ii) standard + sodium citrate 

(standard growth with calcium chloride supplementation and sodium citrate treatment), 

(iii) standard + calcium (standard growth with calcium chloride supplementation and 

no sodium citrate treatment), and (iv) bio-ink (calcium chloride supplementation and 

sodium citrate treatment). The culture medium was changed at 0, 19, 27, 43, and 51 

h (10, 13, 23, 36, 49). The bio�lm was incubated undisturbed until the �rst change of 

culture media at the 19 h time point to allow bacterial adhesion to the hydroxyapatite 

surface in the initial stages of bio�lm formation. The culture medium was changed 

twice a day thereafter until the end of the experiment to provide fresh nutrients to the 

bio�lm. The pH measurements (VWR Symphony B10P) were made immediately after 

media changes, including at the end of experiment (43 or 67 h).

Substrate preparation

Hydroxyapatite disks (HA) were purchased from Clarkson Chromatography Co. with size 

0.25 in. diameter × 0.008 in. thick. The disks were autoclaved, stored at room temper­

ature, and hydrated in MilliQ water for 30 min. Disks were then transferred to 0.1 M 

calcium chloride solution for 10 min. Excess calcium was removed using a pipette tip 

before deposition of bio-ink on the surface or contact with culture medium.
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Bacterial strain and culture

Streptococcus mutans UA159 (ATCC 700610) was used for all experiments. The strain 

was stored at −80°C in 2× TYE (concentrated tryptone with yeast extract) with 20% 

glycerol as a cryoprotectant. Frozen stocks were seeded onto blood agar plates for 48 h. 

After this period, �ve to ten colonies were inoculated into 10 mL of culture medium 

2.5% tryptone, 1.5% yeast extract supplemented by 1% glucose (TYE + 1% glucose) for 

16 h of incubation in duplicate. Then, 0.5 mL of the pre-inoculum was diluted at 1:20 

(vol/vol) into new 15 mL tubes with fresh TYE + 1% glucose. The S. mutans cultures 

were grown until the mid-log growth phase, based on a previously developed standard 

curve (O.D.600 1.24 ± 0.341) determined with a NanoDrop One/OneC Microvolume UV-Vis 

Spectrophotometer (Fig. 7). Finally, the �nal inoculums were prepared by mixing an 

aliquot of mid-log phase culture at the correct O.D.600 into 15 mL of the fresh culture 

medium to obtain the �nal 107 CFU/mL; aliquot volumes were determined from the 

bacterial standard curve measured for the Meyer laboratory and instrumentation. Final 

inoculums were prepared in two di�erent vials: (i) TYE supplemented with 1% sucrose 

for control groups that used standard methodology and (ii) TYE supplemented with 1% 

sucrose and 1.5% sodium alginate (wt/vol) for bio-ink samples. As a veri�cation step for 

experimental normalization, extra volume of the inoculum was prepared to ensure that 

100 µL could be collected for serial dilution and culturing on blood agar plates, in order 

to con�rm that the initial inoculum was prepared at 107 CFU/mL.

Experiments were performed in duplicates and repeated three times. For the bio-ink 

preparation, two HA disks were placed in each well of a 24-well plate, excess calcium 

solution was removed using a pipette, then 30 µL of inoculum followed by 10 µL of 

0.1 M calcium chloride were deposited onto the top of the HA disks, followed by a 

5 min incubation to allow alginate gelation. Groups 2, 3, and 4 were incubated in culture 

medium supplemented with 0.1 M calcium chloride, and control group 1 was submerged 

directly into the inoculum without calcium supplementation.

FIG 7 Standard growth curve of Streptococcus mutans UA159 measured using a spectrophotometer. The inoculum used on all 

experiments was prepared when the bacteria achieved mid-log of the exponential phase, highlighted with an orange dotted 

line. The concentration of microorganisms was con�rmed via a spectrophotometer for all experiments as a control.
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Bio�lm analysis

 Bio�lms from groups 2 and 4 were carefully dip-washed three times in saline solution 

(0.89% NaCl), transferred to a 0.5 M sodium citrate solution, and continuously shaken 

at 45 rpm at room temperature for 2 h for alginate depolymerization, after which they 

followed the same collection steps. To collect the bio�lm from the HA surface, the disks 

were placed into saline solution, and the bio�lm was completely removed from the 

surface using autoclaved stainless-steel spatulas. The procedure was performed twice 

for each disk to collect as much bio�lm as possible from the surface. The well and the 

disk were then rinsed twice. The �nal volume used was 5 mL of saline per disk. The 

suspension was collected in new 15 mL tubes. The bio�lm was then probe sonicated 

at 7–10 watts for 30 s (Branson Ultrasonic Soni�er Power 450) to homogenize the 

bacterial suspension. The sample was diluted into 100 µL aliquots to prepare 10-fold 

serial dilutions, which were seeded onto blood agar plates to determine CFU/mL. The 

agar plates were incubated for 48 h, followed by manual enumeration of colonies. The 

remaining suspension (4.9 mL) was centrifuged at 4,000 rpm for 20 min at 4°C. The 

supernatant was collected in a 50 mL tube. Each pellet was washed two more times 

with 2.5 mL MilliQ water. The supernatant was stored at −20°C and used to analyze 

water-soluble polysaccharides (WSP), following the extraction process described below. 

The pellets were suspended in 2.5 mL of MilliQ water, after which 0.5 mL was used to 

analyze insoluble dry weight (biomass), and 1 mL was used to analyze alkali-soluble 

polysaccharides (ASP).

Pre-weighed weighing boats made of aluminum foil were used to contain the 0.5 mL 

aliquots. The boats were placed in an oven at 90°C overnight. The di�erence between 

the initial and �nal mass provided the insoluble dry weight values. The pre-weighed 

centrifuge tubes containing the 1 mL aliquot of ASP were centrifuged at 14,000 rpm for 

10 min at 4°C, and the supernatant was carefully removed. Then, 0.3 mL of 0.5 M NaOH 

per 1 mg of wet bio�lm weight was added to the sample. All samples were continuously 

shaken at 90 rpm for 2 h at 37°C, followed by centrifugation at 14,000 rpm for 10 min 

at 4°C, and then the supernatant was collected into new 15 mL tubes. This cycle of 

extraction was performed three times before discarding the pellet.

The tubes containing the WSP and ASP extraction samples were diluted 1:3 (vol/vol) 

using 95% ethanol. The samples were stored at −20°C for precipitation for at least 18 h, 

followed by centrifugation at 4,000 rpm for 20 min at 4°C, followed by three washes with 

75% ethanol and left to dry for 30 min at room temperature. WPS samples were dissolved 

in 1 mL of autoclaved MilliQ water, and the ASP samples were dissolved in 0.3 mL of 0.5 

M NaOH per 1 mg. Quanti�cation of WSP and ASP was performed using a phenol-sulfuric 

acid colorimetric assay with glucose as a standard (54).

Confocal �uorescence microscopy

For confocal �uorescence microscopy, bio�lms were grown following the same regimen 

described above, with the addition of 1 µM Alexa Fluor 647 conjugated to dextran 

(ThermoFisher D22914) mixed into the culture medium to label the exopolysaccharides 

in the matrix. The bio�lms were rinsed using sterilized saline solution and transferred to 

wells containing 2.6 µM SYTO 9 (ThermoFisher S34854) in saline solution for 30 min to 

label the bacterial nucleic acids (26). The samples were washed in three di�erent and 

unique wells containing autoclaved MilliQ water. The samples were placed into fresh 

saline solution until imaging with an Andor Dragon�y Spinning Disc Confocal, Oxford 

Instruments. Fusion software was used to acquire a minimum of three images per sample 

at two di�erent magni�cations (20× and 40× objectives). ImarisViewer software (Oxford 

Instruments, version 10.1.0) was used to process the �nal images and calculate the 

bio�lm area and microcolony sphericity.

To calculate the sphericity, the software �rst rendered the microcolony image into 

a surface by reconstructing it using a 3D mesh made of triangles. The surface area 

was calculated as the sum of all triangle facet areas that make up the 3D mesh of the 
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microcolony surface. Sphericity was calculated as the ratio of the surface area of a sphere 

with the same volume as each sample to the surface area of the corresponding sample 

(60). The values vary from 0, indicating a complete lack of sphericity, to 1, indicating 

perfect sphericity.

Cryo-scanning electron microscopy

Bio�lm samples were created by pipetting 30 µL of S. mutans UA159 culture supplemen­

ted with 1% sucrose and 1.5% alginate onto HA disks, followed by the addition of 10 

µL of 0.1 M calcium chloride overtop. The sample was placed into culture medium 

supplemented with 0.1 M calcium chloride (as in Fig. 1A). Samples were incubated for 

0, 19, 43, and 67 h at 37°C and 5% CO2. The samples were transferred to a metal SEM 

plate. The samples were frozen using liquid nitrogen for 5 min under vacuum and then 

transferred under vacuum into the cryo-chamber. Samples were coated with platinum 

under argon for 4 min and were carefully sliced using a sharp scalpel in order to observe 

the cross-section of the freeze-dried bio�lms. The coated samples were transferred to the 

microscope main chamber under vacuum and imaged at 5 kV and 0.69 nA (FEI Helios 

DualBeam FIB 600, ThermoFisher, US). ImageJ software (National Institutes of Health-NIH 

and the Laboratory for Optical and Computational Instrumentation-LOCI, University of 

Wisconsin, US, version 1.53t) was used to process the �nal images and calculate hydrogel 

pore size.

Rheology testing

Bio�lm samples were prepared in a 24-well plate using TYE + 1% sucrose + 1.5% alginate 

to which 0.1 M calcium chloride was added in a 3:1 ratio (vol/vol). Samples were prepared 

on site for gelation time testing and viscoelastic testing at the 0 h time points. For all 

Young’s modulus testing samples and for incubated samples for gelation time testing 

and viscoelastic testing, samples were covered by 2 mL of culture medium supplemen­

ted with 0.1 M calcium chloride and incubated at 37°C and 5% CO2 for 19, 43, and 67 h. A 

biopsy punch was used to obtain 8 × 3 mm samples of the samples.

Viscoelastic characterization of the samples was performed on a TA Instruments 

RSA-G2 system, which provided a quanti�cation of the linear viscoelastic region (LVR). 

Testing was performed at room temperature (21°C) using a set of 15 mm compression 

platens. Strain sweeps were performed between 0.01% and 10% strain at 1 Hz. The 

reference strain was determined by 5% change in storage modulus (0.25% strain). 

Frequency sweeps were performed from 0.1 to 100 Hz at 0.25% strain (48).

Gelation time testing was performed on a TA Instruments Discovery HR 30 system. 

Bacteria culture with 1.5% alginate was deposited on site, making sure the sample was in 

contact with both 8 mm plates. Analysis was performed with a gap of 2,500 µm, trim gap 

o�set 125 µm, and duration 1,800 s, using 0.25% strain at 1 Hz. The 0.1M calcium chloride 

was added exactly 60 seconds after the start of the gelation time data collection.

The Young’s modulus of the bio�lm samples was characterized by performing 

compression testing using a TA Instruments RSA-G2 system. An 8 mm plate was used, 

with a constant linear rate of 0.05 mm/s, and the samples were compressed until failure. 

At least nine points were selected to extract the equation for a straight line on the linear 

region of the data. The calculated R2 needed to be greater than 0.98 for each sample to 

be considered on our test. The Young’s modulus was calculated via the area under the 

initial section of the linear curve identi�ed at the previous step.
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