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ABSTRACT: Insight into live microbial biofilm micro-
structure and mechanical properties and their interactions
with the underlying substrate can lead to the development of
new remedial strategies and/or materials. Here we report
mechanical properties of dental pathogenic Streptococcus
mutans biofilms, grown on a polystyrene-coated plate of a
shear rheometer in physiologically relevant conditions,
precisely controlled in a custom built bioreactor. In situ
measurements demonstrated the importance of microstructure
and composition of extracellular polymeric substances on the
biofilm modulus. The biofilms behave like a weak gel with
storage moduli higher than loss moduli. The simple but robust
experimental technique presented here can easily be extended to other biofilm-material systems.
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■ INTRODUCTION

Natural persistence of microorganism-rich biofilms is necessary
for many life processes; on the other hand, they can also cause
significant technological or medical complications.1 Biofilms,
defined here as surface-attached masses of biological material
often containing a large fraction of living microorganisms, are
found on nearly every surface where nutrients are available.2

The exceptional resilience of living biofilms is in part due to
their ability to maintain physical structures that can withstand
external chemical and mechanical challenges while permitting
sufficient nutrient flow within the biofilms.2,3 Additionally,
living biofilms have the capacity to alter their chemistry in
response to external stimuli allowing them to modify their
microstructural, mechanical, and/or adhesive properties, further
facilitating survival and proliferation.2,3 Bacteria possess a wide
range of sensory systems, which rapidly cause dramatic changes
that can greatly influence their structural properties both as an
individual bacterium and as a component to a biofilm
community (e.g., temperature, electron acceptor availability,
nutrient availability). Consequently, the ability to measure
biofilm microstructure and mechanical properties in situ will
provide fundamental insight into their responses to their
environment, including the underlying substrate.
Understanding the mechanical properties of biofilms grown

on specific surfaces is of great interest for various commercial
applications, particularly those related to medical devices.4,5 For
instance, a large percentage of infectious disease is mediated
through biofilm-tissue interactions.4,6 Significant recent efforts
have been devoted to determine structural and mechanical
information of biofilms, with the intent of designing improved

materials that could alter bacteria/biofilm response.5,7 The
capacity to capture information about live, growing bacterial
biofilms in the process of fouling a material of interest holds
potential for the development of anti-fouling materials or for
controlling biofilm-material interactions.
Bacterial biofilms are also an important and persistent

component of the oral environment.8 As with all biofilms,
bacterial survival within these biofilms relies heavily on their
ability to sense and respond to environmental cues, which
allows them to withstand various forces and maintain adhesion
to the tooth surface.8,9 Streptococcus mutans (S. mutans), is one
of the primary etiologic agents of tooth decay and primarily
survive on surfaces within the oral cavity including the tooth
surface and polymeric dental materials by adjusting their
chemical and mechanical properties.9,10 S. mutans biofilms are
comprised of many intertwined cells adhered together by
extracellular polymeric substances (EPS; primarily a mixture of
polysaccharides, DNA, degraded cellular debris) that support
secondary architectures (Figure 1). Modulations of compo-
nents described in Figure 1 act in concert to define the bulk
mechanical properties of S. mutans biofilms.
The prolific nature and broad impact of biofilms have

garnered much interest in measuring their microstructural and
mechanical characteristics. Among various approaches, confocal
microscopy has become a common method for studying three-
dimensional (3D) biofilm microstructure heterogeneity.
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Techniques for determining the mechanical properties of
biofilms include atomic force microscopy,11 microindenta-
tion,12 particle tracking methods,13 microfluidic devices,14 and
shear rheometry.11,15−17 Indentation and particle tracking
methods generally provide more localized properties, whereas
shear rheology provides the average properties of the entire
biofilm. Shear rheology has been used to determine a threshold
for disruptive debulking of live S. mutans biofilms under
constant stress.16 Pavlovsky et al. have studied the mechanical
properties of Staphylococcus epidermidis (an antibiotic resistant
infectious bacteria causing skin lesions in immune compro-
mised patients and medical device contamination) biofilm using
in situ rheology.17 Using oscillatory rheology, they were able to
capture the biofilm growth process.
To evaluate biofilm properties that better correlate to in vivo

situations, it is critical to precisely control the environment in
which a biofilm is grown and measured. The primary goal of
this research is to measure mechanical properties of in situ S.
mutans biofilms grown in a custom-designed, environment-
controlled bioreactor. Microstructural and rheological proper-
ties of intact biofilms were also compared to those from
disrupted biofilms (centrifuged/spin down biofilms that are
macroscopically homogeneous) to assess contributions of
secondary structures and physicochemical properties to biofilm
mechanical properties.

■ MATERIALS AND METHODS
Bacterial Strains and Culturing. S. mutans strain UA159 starter

cultures (3 mL) were inoculated from a single colony struck on Todd
Hewitt Broth (THB; Becton Dickson) agar plates grown at 37 °C in a
5 % (by volume) CO2 in air incubator as previously described.18

Biofilms were grown within the bioreactor by inoculating 10 mL of
sterile THB or THB with 1 % sucrose by mass, 1:100 with a 24 h
stationary-phase starter culture, and incubating at 37 °C in a premixed
medical gas standard STM1702 equivalent to 5 % CO2 in air at
atmospheric pressure.

Cultures for spin-down disrupted biofilm measurements were
grown as described above in 500 mL THB or THB with 1 % sucrose
by mass in a 1 L Erlenmeyer flask. The entire volume along with the
surface-attached biofilm (removed by scraping) was collected by 10
min centrifugation at 560 rad/s (3200 RCF) at room temperature.
The pellet was used for rheological experiments.

Bioreactor Assembly and Rheological Measurement. Rheo-
logical measurements were performed on an ARES rheometer using 50
mm parallel plate geometry. The biofilm-receiving lower plate was
coated with polystyrene (via spin-coated using 1% by mass polystyrene
in toluene19,20). The entire assembly was cleaned with water and
sterilized with 100% ethanol. The zero position was determined at the
experimental temperature of 37 °C.

The bioreactor was assembled surrounding the lower plate (Figure
2A). After sterile assembly and inoculation, the bioreactor was jacketed
with an insulated circulating water heating coil to maintain 37 °C and
was flushed with gas. Temperature was monitored by a thermocouple
contacting the bottom of the lower plate. Gas was passed through 0.2
μm filtered inlet and exhaust ports to maintain internal sterility of the
bioreactor. The bioreactor was disassembled after 24 h of growth.
Superficial media was allowed to flow into an absorbent towel,

Figure 1. Description of the chemical and structural attributes influencing the mechanical properties of biofilms. (A) Confocal image of a DNA-
stained S. mutans biofilm grown in the presence of sucrose. The brightest spots within the image are bacterial clusters and the segmented strings are
individual bacteria, which together make the biofilm. (B) Model of a S. mutans biofilm. The clear coating represents extracellular polymeric substance
(EPS). (C) Each streptococcus bacterium that makes up the biofilm has a highly adhesive coating of EPS made primarily of secreted glucans. The
cross-sectioned cocci depict the structural makeup of an individual cell. (D) Model depicting the cell wall composition. Peptidoglycan comprises N-
acetyl glucosamine and N-acetyl murine, linked by β-1,4 glycosidic bonds and peptide bridges. (E) 3D heat map of S. mutans biofilm-mediated
human tooth enamel erosion, measured by interferometric optical profilometry. Tooth enamel surface was masked (left) and exposed (right) to a 24
h sucrose-fed S. mutans biofilm, which was removed revealing the biofilm-decayed enamel (right). The contrasting circular structures visible in the
exposed area are enamel rods.
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revealing the biofilm (Figure 2B). The upper plate was brought into
contact with the biofilm by gradually lowering to (80 ± 1) μm gap. To
minimize the effect of compression as the upper plate is brought in
contact with the biofilm, the upper plate was moved very slowly to
dissipate the compressive stress. The compressive stress value was
constantly monitored during the process. A layer of low-viscosity oil
(Nikon type A immersion oil) was wiped around the edge of the gap
to reduce desiccation. The rheometer oven was then rapidly closed
and was brought back to 37 °C. The time between disassembly and
measurement was less than 2 min.
Strain and frequency sweep experiments were performed on fresh

samples. Strain sweeps were performed at strains from 0.1 to 100%
and at a constant frequency of 6.28 rad/s. Frequency sweeps were
performed at a constant strain of 0.3%, which falls in the linear
viscoelastic region, in the frequency range of 0.3−100 rad/s. At least
three separate biofilms were evaluated in situ.
Spin-down pellets of bacteria were applied directly to the lower 50

mm polystyrene-coated plate with a spatula as quickly and evenly as
possible. Measurements of spin-down biofilms were performed using

∼400 μm gap with oil applied as described above to prevent
desiccation. Measurements of spin-down biofilms were repeated with
varying gap sizes and results were found to be independent of the gap.
The experiment was repeated at least three times each time with a
fresh sample.

Confocal Biofilm Characterization. Confocal images and
measurements were acquired on a Zeiss LSM 510 confocal microscope
and analyzed using Zeiss LSM Image Browser software. S. mutans
biofilms that were grown for 24 h were stained for 10 min with
fluorescent DNA stain SYBR Green (Invitrogen) and imaged as
previously described.18 Z-stacks at 10 μm and 1 μm intervals covering
the entire fluorescent depth were acquired using 5× and 40× objective
lenses to evaluate distributions of biofilm height and structural
features. These images indicated that an 80 μm gap provides near
100% contact between the biofilm and the top plate.

Measurement of Biofilm-Mediated Tooth Dissolution. To
confirm pathogenicity, cultures of S. mutans UA195 were prepared and
incubated in the same conditions described above together with
polished, partially masked human tooth enamel chips for 24 h, in the

Figure 2. Bioreactor design and biofilm growth. (A) Assembled bioreactor surrounding a polystyrene-coated 50 mm standard disposable parallel
plate, featuring gas-control and temperature feedback. (B) S. mutans biofilm (pasty cream-colored material) covered with a thin layer of media grown
in the presence of sucrose on a polystyrene-coated plate directly on the rheometer, immediately before measurement. (C, D) Confocal measurement
to determine gap parameters for parallel-plate rheological measurement, highlighting (C) microstructural features such as the ridges (brighter
regions) and channels (darker regions) and (D) a height heat map of the confocal stack determining gap settings for biofilm measurement (arrow;
∼80 μm), balancing full upper plate contact with the least biofilm structural damage. (E, F) Confocal images of DNA-stained S. mutans biofilms
grown directly on the rheometer in (E) the absence of sucrose and (F) presence of sucrose. (G, H) Confocal images of centrifuged (spin-down)
DNA-stained S. mutans biofilms grown in (G) the absence of sucrose and (H) the presence of sucrose.
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presence of 1% sucrose by mass. Tooth preparations and
interferometric optical profilometry measurements of biofilm-mediated
tooth dissolution were conducted as previously described.21

■ RESULTS AND DISCUSSION

Bioreactor Design. The bioreactor we designed and
fabricated (Figure 2A) for this study features an environmental
control unit enclosing the lower plate of the rheometer. This
set up permits the measurement of biofilms grown directly on
the lower plate with increased measurement confidence for the
following reasons. The design allows precise gap control, since
the gap is calibrated within the instrument just prior to biofilm
growth. Precise gap control is important for the measurements
of thin biofilms. The in situ biofilm structure is highly
nonuniform in the vertical direction (i.e., the biofilm becomes
less dense further away from the substrate;see Figure S2 in the
Supporting Information). As evident from Figures 2 and Figure
S2 in the Supporting Information, over a dimension of a few
square millimeters, the height of the S. mutans biofilm varies in
some extent. To determine the height-variation, we captured
images of biofilm using confocal microscopy at different depths
(Z-profile). We observed plume as high as 270 μm and some
biofilm growth up to a height of 170 μm. However, most of the
biofilm has a thickness of approximately ≥80 μm, which is
apparent in Figure 2 and Figure S2 in the Supporting
Information in complete coverage of image area of the biofilm.
Hence, we used a gap of 80 μm for all rheological studies.
Measurements using a larger gap did not generate meaningful
data due to insufficient contact between cellular materials and
upper plate; measurements using smaller gaps compressed the
biofilm, which also introduced errors. As biofilms are grown in
situ, perturbation of biofilms was minimal. Gas is designed to
gently circulate within the headspace, ensuring an even
turnover for stable absorbance within the media without
agitation. The heated jacket covering the bioreactor contacts
the thermoconductive aluminum base, ensuring temperature
stability for the duration of the experiment. This bioreactor
design allow for facile control of conditions physiologically
relevant to bacteria (e.g., nutrient medium, gas, temperature,
interacting surface, etc.).
This design platform is also versatile for studying biofilm

interactions with various materials. In this study, polystyrene
was selected as the model surface as it is nonreactive and the
most commonly used surface on which to evaluate biofilms.22

Similar techniques can be used to coat the bottom plate with a

broad range of materials, including polymers, ceramics, metals,
and biological materials.

Biofilm Characterization. S. mutans biofilms cultivated on
the prophylactic polystyrene surface were grown either with or
without sucrose supplementation in commercially available
group-A streptococcal media (THB) at temperatures and gas
conditions similar to the environment within the mouth,
demonstrating growth consistent with previous studies.18 S.
mutans biofilms grown in the presence or absence of sucrose
have distinctly different morphologies. Confocal measurements
reveal that S. mutans biofilms grown in the absence of sucrose
lacked clear bridge structures between the bright punctate
clusters of aggregated cells, contrasted by a black background
(areas lacking DNA/bacteria), giving the biofilm a more
dispersed appearance (Figure 2E). Conversely, biofilms grown
in presence of sucrose (Figure 2C, D, F) have a distinct and
heavily interconnected structural network showing linkage
between filamentous and aggregated bacterial structures while
maintaining a porous network structure, reminiscent of a
heterogeneous polymeric gel, permitting flow of nutrients and
other important survival components.
S. mutans biofilms were also grown under similar conditions

(with and without sucrose) and then centrifuged to produce
spin-down cell pellets for evaluating the effect of physicochem-
ical composition on mechanical properties. After centrifugation
and pellet formation, secondary structural features within the
biofilms (e.g., channels and plumes) are severely diminished, as
can be seen by comparing images F and H in Figure 2.
Although disrupted, pelleted bacterial cultures still reveal visible
structural differences, with sucrose-grown pellets containing
aggregated bacterial structures and those grown without
sucrose appearing more homogeneous (Figure 2G, H). The
bright patches visible in images G and H in Figure 2 are due to
a coalescence of green fluorescently stained bacteria. The dark
patches between the bacteria are the void space that indirectly
represents the level of biofilm hydration observed in the
centrifuged samples. Dehydration experiments revealed that
spin-down biofilms are comprised of (89.3 ± 2.6)% and (85.5
± 1.7)% water by mass for no sucrose and sucrose-grown
biofilms (see the Supporting Information, Figure S1),
respectively.
The differences in microstructure between biofilms grown in

the presence or absence of sucrose are a result of many complex
physical and chemical interactions that are under the control of
several regulatory systems. These structures are primarily

Figure 3. Storage (G′) and loss modulus (G″) as a function of frequency for (A) in situ S. mutans biofilms grown in the presence of sucrose and (B)
spin-down pelleted S. mutans samples grown in the presence or absence of sucrose. The applied strain was 0.3 %.
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maintained and reinforced by the secretion of alpha-1,3 and
alpha-1,6 glucan (polysaccharides), produced by glucosyltrans-
ferase-mediated conversion of sucrose. These polysaccharides
reinforce the biofilm microstructure, converting the biofilms to
rigid, desiccation-tolerant structures that can firmly attach to
the tooth surface. The heat map shows that biofilm plumes
reached as high as 270 μm and the thickness of the confluent
region of the biofilm from the polystyrene surface to the base of
the plumes was ∼80 μm (Figure 2D and Figure S2 in the
Supporting Information). As complete contact between the
sample and the top plate is important in obtaining meaningful
and reproducible rheological results, 80 μm was selected for all
in situ sucrose-fed S. mutans biofilm measurements.
Upon intake, S. mutans also metabolizes sucrose through a

series of enzymes, producing lactic acid as a by-product. The
acid reduces the pH of the overall environment to give S.
mutans a competitive edge over acid-intolerant bacteria, and
allows the biofilm to form a protective pocket into the tooth
enamel surface.9,23 To confirm that the sucrose growth
conditions were indeed pathogenic, in situ biofilms were
probed for their pathology to human tooth enamel by
interferometric optical profilometry. Within the 24 h culture
period, the environmental pH was reduced from pH 7.01 to pH
4.02. When a premeasured flat enamel surface was masked on
one side and left exposed to biofilm growth on the other,
dramatic effects were observed with respect to the dissolution
of the tooth enamel (Figure 1E). These evaluations confirmed
that the strain of S. mutans evaluated here retains its
pathogenicity in its sucrose fed state.
Rheological Characterization of S. mutans Biofilms.

The storage modulus (G′, representing the elastic component)
is consistently higher than the loss modulus (G″, representing
the viscous component) over the frequency range tested for in
situ biofilms grown in the presence of sucrose (Figure 3A).
These biofilms behaved like a weak gel (G′ > G″) and are
relatively frequency independent over the entire frequency
range probed. Such behavior is typical of soft elastic materials
and signifies the presence of a network structure consistent
with the confocal images of sucrose biofilms. Moduli of biofilms
grown in situ without sucrose could not be measured, likely
because of their low rigidities/interconnectivities.
Rheology measurements for centrifuged biofilms grown with

and without sucrose also showed G′ greater than G″ and were
relatively frequency-independent over the entire frequency
range (Figure 3B). Although a similar rheological response was

observed for in situ biofilm and spin-down sucrose biofilm, the
two samples were drastically different in their hydration state.
The in situ biofilm contained significantly more water than the
spin-down pellets as shown by the confocal images (Figure 2),
which indicates that the fluid-filled interstitial space between in
situ sucrose-fed S. mutans biofilms is much larger than sucrose-
fed spin-down biofilms. The enhanced mechanical property for
the intact biofilm must be due to its network structure, which
results in the modulus to the level comparable to a much dense
material.
Comparison of spin-down sucrose and no sucrose biofilms

revealed significant differences in mechanical properties, as G′
values for sucrose samples are significant higher than that
obtained for no sucrose samples. Confocal observations of
interstitial space and desiccation mass experiments indicate that
these spin-down biofilms had comparable amount of water
content yet were one order of magnitude different in modulus
when measured by rheology. These differences are attributed to
chemical differencesthe presence of large amount of rigid
hydrophobic extracellular alpha-1,3 glucan, produced by
sucrose-fed biofilms.24,25

Strain sweep experiments were performed to determine the
linear viscoelastic region and to provide information about the
large strain responses of biofilms on both in situ and spin-down
biofilms. The linear viscoelastic region for in situ biofilm was up
to ∼1 % strain; further increases in strain resulted in strong
strain-softening (Figure 4A). Additionally, the modulus of the
in situ biofilm does not recover appreciably when the
measurement was repeated on the same sample. In fact, the
intact biofilm (first run) has a G′ that was about two orders of
magnitude higher than the disrupted biofilm (second run). This
behavior is consistent with disruption of the interconnected
structure at higher strains. Note that the second run was started
immediately, without any wait time to avoid potential repairing
of the live biofilm network.
The linear viscoelastic region extended to ∼10 % strain for all

spin-down biofilms (Figure 4B). Consistent with frequency
sweep experiments, G′ for biofilms grown with sucrose was
higher than those grown without sucrose. The strain sweep
experiments are highly repeatable when the sample is run
multiple times, indicating a lack of structural change upon
imposed strain. The recovery is likely due to direct measure-
ment of the mechanical properties of the overall biomass,
without significant contribution from larger structures.
Interestingly, there is a G′ to G″ crossover at higher strains

Figure 4. Reversibility of strain sweep experiments. G′ and G″ as a function of strain for (A) in situ S. mutans biofilm grown in the presence of
sucrose, and (B) spin-down pelleted S. mutans samples grown in the presence or absence of sucrose. The applied frequency was 6.28 rad/s.
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for both spin-down samples, indicating the material will
become more viscous-like under large strain deformations.
The moduli were quite different for spin-down samples grown
with or without sucrose despite the fact that the interstitial
spaces between the bacteria have been largely removed for both
samples. The large difference in G′ indicates that the
components holding these bacteria together are quite different
in composition and/or distribution. As described above, the
shifting of EPS properties by secretion of extracellular glucan
via the metabolism of sucrose by glucosyltransferase enzymes is
expected to be the most important reason for this modulus
shift.24,25

■ CONCLUSIONS
In this study, we demonstrate that oscillatory shear rheology
can be used to evaluate in situ mechanical properties of live
acidogenic S. mutans biofilms. Biofilms were grown directly
within the rheometer on a standard plate coated with a material
of our choosing, in a custom bioreactor that acts as a stand-
alone, environmentally controlled culturing system. This
approach eliminates mechanical damage inherent to trans-
ferring biofilms on plates to the rheometer and greatly reduces
the time between culturing and measurement to provide higher
degrees of repeatability. We show that the biofilm micro-
structures play a key role in the overall mechanical properties,
i.e., disrupted biofilm due to shear reduced G′ by approximately
two orders of magnitude. We were also able to discern G′
differences due to biofilm EPS variations. This method to
measure biofilm−material interactions can be easily adapted to
most biofilms or materials for advancing medical or environ-
mental applications, particularly in the development of
materials that modify biofilm interactions.
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