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Abstract

Streptococcus mutans, which is an initial dental pla-
que colonizer on the mucosal surface of oral caviti-
es, utilize exogenous sucrose as a nutrient source to
produce extracellular polysaccharides (EPS). EPS
are highly sticky and allow bacterial cells to attach
to the tooth surface. Bacteria, including S. mutans,
acquire iron from the human body to survive. How-
ever, little is known about the mechanism of iron
acquisition during the formation of S. mutans bio-
films. In this study, we utilized a microfluidic device
that generated the microfluidic condition often found
in teeth and imaged the spatial distribution of ferric
ions over S. mutans biofilms formed in the device
using a ferric chemosensor. Our results showed that
under iron-repleted conditions S. mutans produced
a lower amount of EPS and thus formed smaller bio-
films compared to under iron-depleted conditions,
indicating that biofilm formation is not required for
the survival of the microorganism in the presence of
a sufficient amount of iron. Spatial imaging of the
biofilms using a ferric chemosensor revealed that
higher amounts of ferric ions accumulated in the in-
ner EPS layer of the biofilm formed under both iron-
depleted and iron-repleted conditions, suggesting
that the EPS layer in the biofilm is responsible for
acquiring and delivering ferric ions to the cell body.
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Introduction

Dental caries is one of the most prevalent diseases
in humans and results from acid production in bac-
teria biofilms that form on the tooth surface'?. Re-
sidential microflora on the teeth form biofilms, which
cause localized destruction of the teeth3*. The major
component of the biofilm matrix is composed of a
wide variety of organic materials including exopoly-
saccharides (ESP), proteins, nucleic acids, etc>®. EPS
plays important roles in biofilm formation by enhanc-
ing cell adhesion, aggregation, and biofilm structure,
etc9'1°.

Among the microflora, Streptococcus mutans is the
initial dental plague colonizer on the mucosal surface
of oral cavities® and it utilizes exogenous sucrose™ as
a nutrient source to produce EPS, which allow bacte-
ria to attach to the tooth surface?. Both EPS produc-
tion and biofilm formation are greatly inhibited in
iron-repleted conditions, suggesting that both EPS
and the presence of the biofilm are important com-
ponents in acquiring iron for the microorganism when
the availability of iron in the environment is scarce
including the mouth. Iron is an essential microele-
ment for all forms of life. Its solubility and bioavail-
ability varies depending on various conditions, and
are extremely low under aerobic conditions at physi-
ologica pH'?3, Bacteria, including S mutans, acquire
iron from the human body to survive. Extracellular
iron (Fe**) is transported into bacteria cells by bind-
ing to negatively charged functional groups on the
EPS layer. Thus, EPS production is greatly enhanc-
ed when the availability of ferric ions (Fe*+)® are li-
mited. Although the iron acquisition mechanism has
been determined in many microorganisms by measur-
ing the total amount of iron accumulated in the bio-
film, the exact spatial distribution in the bulky bio-
film architecture has not been reported in situ. Previ-
ous studies have demonstrated that fluorescently
labeled ferrichrome analogs were useful tools in the
study of microbial iron utilization and detection in
living cells!®'”. However, this tool has not yet been
exploited to study the distribution of iron in biofilms.

Previously, we described a novel fluorescent che-
mosensor that was quenched upon binding to ferric
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Table 1. pH and optical density of S. mutans with different growth types under iron-depleted (TSB) and iron-repleted
(TSB+100uM ferric sulfate) conditions at the different periods of incubation.

TSB medium (control)

TSB medium with ferric sulfate

Growth type
Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
. pH 58 50 46 54 50 46
Panktonic oD 11+0.9 1.9+08 19+13 0.9+0.8 18+1.4 19+12
Sessile pH 6.2 56 46 57 5.2 46

ion and regained its fluorescence upon dissociation of
the metal ion'®. Most recently, we also demonstrated
that a microfluidic device can be used to quantify
EPS production in biofilms formed under laminar
flow?®. In this study, we report in-situ imaging of the
spatial distribution of ferric ion accumulated in the
biofilm formed by S. mutans under lamina flow using
the chemosensor and microfluidic device. By analyz-
ing the distribution of ferric ionsin abiofilm, we were
able to show that the outer EPS layer in the biofilm
has a higher concentration of ferric ion and plays an
important role in adsorbing free ferric ions from its
surrounding.

Results and Discussion

pH Changes during the Culture

Since the fluorescence intensities of many fluores-
cent dyes are affected by changesin pH, it was neces-
sary to confirm that there would be no significant
difference in pH between bacterial cultures with and
without ferric ions. Although the bacterial cultures
became acidic over time, there was no significant
difference in pH between the two culture conditions
(Table 1). The fluorescence intensity of the chemo-
sensor was determined to be 58.9 and 55.2 at pH 5.0
and pH 4.5, respectively, whereas, in presence of 100
uM ferric sulfate the fluorescence intensity decreased
to 28.8 and 24.3 at the same pH level. This result sug-
gests that the presence of ferric sulfate significantly
decreased the fluorescence intensity, as shown in Fig-
ure 1C and D.

Initial Biofilm Formation of S. mutans was
Inhibited under the Iron-Depleted Conditions
CLSM images (Figure 2) show EPS and live cells
stained with Con A-Rho and SYTO16, respectively,
in absence or presence of ferric sulfate on day 3 of in-
cubation. SYTO16 staining shows that biofilms (Fig-
ure 2C), in the absence of ferric sulfate, were larger
than those (Figure 2F) formed in the presence of
metal ions. Similarly, the images (Figure 2B and E)
obtained from the biofilms stained with Con A-Rho

(A) HOZC\\ (

Fluorescence derivative

(B) © (D)

Figure 1. Chemical structure (A) and flurescence intensity
of the ferric chemosensor with and without ferric ions in the
microchannel (B-D). Optical images of the microchannel
filled with the ferric chemosensor (B). C shows a fluoresc-
ence image of the microchannel filled containing only 1 uM
ferric chemosensor, while D shows a fluorescence image of
the microchannel filled with both 1 uM ferric chemosensor
and 100uM ferric sulfate at pH 5.

indicate that a higher amount of EPS was produced in
the absence of ferric sulfate than in the presence of
metal ions. Optical images (Figure 2A and B) indi-
cate that the biofilm surface area in the absence of
ferric sulfate was larger than that in the presence of
metal ions. Similarly, EPS production and live cells
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Figure 2. CLSM images show EPS and live cellsin S. mutans biofilms formed under iron-depleted and iron-repleted conditions
at 3 days of incubation. The biofilms in the top row (A-C) were formed under the iron-depleted condition (TSB only), while the
biofilms in the bottom row (D-F) were formed under the iron-repleted condition (TSB+100 um Fe,(SO,)3). A and D images are
optical images showing the overall structure of the biofilms formed in both conditions. B and E images were obtained from the
biofilms stained with Con A-Rho, which indicates EPS production in the biofilms. C and F images were obtained from the bio-
films stained with SY O16, which represents live cells in the biofilms. The scale bar is 100 um.

in the biofilm formed during various incubation peri-
ods were visualized with dye staining and CLSM
imaging. The light intensity in the images was quanti-
fied and analyzed using the Image J program. As
shown in Table 2, the red fluorescence signal (9.8)
obtained from the biofilms in the absence of ferric
sulfate at day 1 was three times higher than that (2.9)
of EPS obtained from the biofilms under the same
conditions except in the presence of ferric ion. The
difference in EPS production between the two culture
conditions became smaller as the incubation periods
were extended to 2 and 3 days; however, ferric ions
were still effective in inhibiting EPS production.
Similarly, the biofilms formed in the presence of
ferric ions contained a smaller number of live cells
compared to those in the absence of metal ions. This
difference was most prominent at day 1. Based on
these results, we hypothesize that a smaller number
of cells were converted into the sessile stage from the
planktonic stage in the presence of ferric ions.

Table 2. Quantitative data of fluorescence intensity ob-
tained from the fluorescence images in Figure 2 shows the
relative amounts of live cells and EPS in the biofilms formed
during the different periods of incubation under iron-deplet-
ed and iron-repleted conditions, respectively. All averages
and standard deviations were obtained form three independ-
ent experiments.

Culture Incubation Live EPS
condition periods cells production
Day 1 22.8+1.7 9.8+1.9
Iron-depleted Day 2 242+18 226+14
Day 3 29.5+0.9 242+138
Day 1 58+15 29+05
Iron-repleted Day 2 7.1+26 9.9+0.3

Day 3 16.4+0.2 14.2+05

Spatial Distribution of Ferric lons
in the Biofilms

CLSM images (Figure 3) of biofilms stained with
the ferric chemosensor show that ferric ions accumu-
lated on the inner EPS layer in the biofilm irrespec-
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Figure 3. CLSM imaging of the ferric ion and EPS distributions in S. mutans biofilm formed under iron-depleted (A-C) and
iron-repleted (D-F) conditions at 3 days of incubation. Red fluorescence was obtained from the biofilms stained with Con-A
Rho, which is known to specifically bind to EPS. Green fluorescence was obtained from the same biofilms stained with the
ferric chemosensor. The optical images of both biofilms are shown inimage C and F. The scale bars are 50 um.

tive of the presence of ferric sulfate. As expected, the
biofilms(Figure 3D) at day 3 in the presence of ferric
sulfate produced less amount of EPS compared to
those (Figure 3A) formed in the absence of metd ions.
This EPS production pattern at the two different iron
conditions was further supported by the optical images
(Figure 3C and F). As expected, ferric ions accumu-
lated in the inner EPS layer of the biofilms under the
iron-repleted conditions, which were indicated by
clear dark rings. The dark ring seemed to be formed
by quenching of the ferric chemosensor due to bind-
ing with absorbed ferric ions. Surprisingly, the bio-
films under the iron-depleted condition were able to
absorb ferric ions from the medium, which was shown
by the pale dark rings in the inner EPS layer. Taken
together, these data suggest that the EPS layer plays
an important role in transporting ferric ions to the
cellsin the biofilm and the amount of EPS production
was inversely dependent upon the amount of avail-
ableferricions.

Conclusions

Fe is the essential micronutrient for most bacteria
pathogens. In the extracellular environment, the con-

centration of freeironis10 ¥ uM?*3 whichisfar low-
er than that (10"’ uM) required for the growth of bacte-
ria. Upon entering a mammalian host, bacteria suffer
from iron-depleted in vivo conditions and have manag-
ed to adapt to this condition for their survival. These
bacteria survive under these conditions by synthesiz-
ing iron-specific receptors and different iron-trans-
port systems. Since S. mutans require 0.1 to 1.0 uM
iron for their growth and to form aggregates, they have
to develop iron acquisition systems once they are sub-
jected to in vivo conditions. Biofilm formation may
be avital part of the acquisition system. In this study,
we showed that S mutans formed biofilms to effec-
tively absorb ferric ions from their surroundings. With
the use of the ferric chemosensor, we found that the
bioaccumulation of ferric ions in the biofilm was
most evident in the inner EPS layer. These results
suggest that S. mutans biofilms act as bicfilters for col-
lecting free ferric ions from the flow.

Materials and Methods

Bacterial Strains and Chemicals
The bacterial strain Streptococcus mutans ATCC



3065 was used in this study. The bacterial culture was
prepared by inoculating the strain into 10 mL tryptic
soy broth (TSB) (Sigma) that was supplemented with
100uM sucrose and incubating at 37°C overnight. Bra
in-heart infusion agar (Difco) was used for maintain-
ing the culture by subculture every week. Fe,(SOy)s
(final. conc. 100 uM) was added to the TSB only when
the effects of ferric ion on the biofilm was examined.
Tetramethylrodamine conjugated with conconavalin A
(Con A-Rho) (final. conc. 20 ug mL 1) (Invitrogen)
and the SYTO16 nucleic acid (final conc. 20uM) fluo-
rescence dye (Invitrogen) were used for staining the
EPS and live cells, respectively.

Fabrication of Microfluidic Device

The PDMS (polydimethyl siloxane) microfluidic
device was fabricated by soft lithography'®%°. The
microfluidic channel was 2 cm long, 1 cm wide and
400 um deep and contained 1 inlet and 1 outlet. The
SYLGARD® 184 silicone kit was purchased from
Dow Corning and the PDMS layer fabricated to have
the same design as the microfluidic device was pre-
pared with aratio of 1: 10 (curing agent : PDMS) as
describe elsewhere'®. The surfaces of the PDMS layer
and a microscope slide glass were simultaneously tre-
ated in an O, plasma(Harrick Scientific, Ithaca, NY,
USA) at 50 Watts for 40 seconds and the two surfaces
were then brought together to form an irreversible
bond. Access ports(inlet and outlet) were prepared by
punching and tygon tubes (ID=1 mm, Fisher Scienti-
fic International Inc., Hampton, NH, USA) were in-
serted through these ports to supply the bacterial cul-
ture and fresh media. A syringe pump (KD scientific,
Hoalliston, MA, USA) was connected through the tub-
ing to continuously supply mediainto the channel.

Growth Rate and pH Measurement

The pre-culture of S. mutans was prepared by ino-
culating the single colony from the BHI agar plate
into 5mL TSB broth and incubating at 37°C and 220
rpm overnight. Planktonic growth rates of the strain
were measured by measuring the optical density at
600 nm. Changes in pH were monitored during both
planktonic and biofilm stages, using a pH meter (pH
56, Martini Instruments Co. USA).

Biofilm Formation in the Microchannel

The biofilm of S mutans was formed as described
by Lim et al.!® with some modification. In brief, the
S. mutans pre-culture was incubated in fresh TSB
medium and grown to an O.Dgy of 0.5. The micro-
channel was washed twice with fresh TSB medium
and then filled with the pre-culture. The device was
incubated for 30 min at room temperature to allow
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some cells in the microchannel to attach to the glass
surface. After attachment, the air tight syringe pump
was connected to the device through the inlet and
started to continuously flow fresh TSB medium with
or without Fe,(SO,); at 5uL min~! at room tempera-
ture.

Staining EPS, Live Cells and Ferric lons
in the Biofilms with Fluorescent Dyes

To visualize the EPS and live cells in the biofilms,
the biofilm formed in the chip was stained with 20 ug
mL~* Con A-Rho and 20 uM SYTO16 fluorescence
dye, respectively. The staining procedure was modifi-
ed from previously published methods??. In detail,
unbound cells in the microchannel were first washed
out by flowing PBS solution for 30 min at 5uL min?.
The Con A-Rho solution was then flown into the
microchannel for 30 min at the same flow rate. Ex-
cess Con A-Rho dye was removed by flowing PBS
into the channel again. Similarly, live cellsin the bio-
films were stained with SYTO16 dye and unbound
dye was removed with PBS solution. Independent
experiments were performed and different images
were collected for analysis.

A ferric chemosensor®® (final conc. 1 uM), which is
guenched upon binding with a ferric ion, was used to
stain ferric ions that had accumulated in the biofilm.
The biofilm was stained using the same procedure
described for the other fluorescent dyes. Since the
chemosensor intensity is affected by changes in pH,
the pH during the entire biofilm development stages
was carefully and consistently monitored.

CLSM Imaging

Fluorescent images of the biofilms were obtained
using confocal laser scanning microscopy (CLSM)
(LSM 510, Zeiss)?. Digital image analysis of the
CLSM optica thin sections was performed with the
Zeiss LSM software. Fluorescent images were ac-
quired at excitation wavelengths of 543 nm and 488
nm and emission wavelengths of 527 nm and 488 nm
for Con A-Rho and SYTO16, respectively. To quanti-
fy the number of viable cells, fluorescence intensities
from the confocal images were analyzed using image
analysis software, image J(NIH, USA)%. The fluo-
rescent intensity of ferric was analyzed using the same
method describe earlier. The fluorescence intensity of
light was measured in arbitrary unit.
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