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There are few high-throughput in vitro systems which facilitate the development of
multi-species biofilms that contain numerous species commonly detected within in vivo
oral biofilms. Furthermore, a system that uses natural human saliva as the nutrient
source, instead of artificial media, is particularly desirable in order to support the
expression of cellular and biofilm-specific properties that mimic the in vivo
communities. We describe a method for the development of multi-species oral biofilms
that are comparable, with respect to species composition, to supragingival dental
plaque, under conditions similar to the human oral cavity. Specifically, this methods
article will describe how a commercially available microfluidic system can be adapted
to facilitate the growth of multi-species oral biofilms derived from a pooled saliva
inoculum and grown in pooled cell free human saliva. Furthermore, a description of
how the system can be used in conjunction with a confocal laser scanning microscope
to generate 3-D biofilm reconstructions for architectural and viability analyses will be
presented. Given the broad diversity of microorganisms that grow in the
environmentally germane microfluidic-based oral biofilms (including Streptococcus,
Neisseria, Veillonella, Gemella, and Porphyromonas), a protocol will also be presented
describing how to harvest microfluidic-developed biofilm cells for further subculture- or
DNA extraction and analysis. The limits of both the microfluidic biofilm system and the
current state-of-the-art data analyses will be addressed. Ultimately, it is envisioned that
this article will provide a baseline technique that will improve the study of oral biofilms
and aid in the development of additional technologies that can be integrated with the
microfluidic platform.
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SHORT ABSTRACT:

The goal of this methods paper is to describe the use of a microfluidic system for the
development of multi-species biofilms that contain species typically identified in human
supragingival dental plague. Methods to describe biofilm architecture, biofilm viability,
and approach to harvest biofilm for culture- or culture-independent analyses are
highlighted.

LONG ABSTRACT:

There are few high-throughput in vitro systems which facilitate the development of multi-
species biofilms that contain numerous species commonly detected within in vivo oral
biofilms. Furthermore, a system that uses natural human saliva as the nutrient source,
instead of artificial media, is particularly desirable in order to support the expression of
cellular and biofilm-specific properties that mimic the in vivo communities. We describe
a method for the development of multi-species oral biofilms that are comparable, with
respect to species composition, to supragingival dental plaque, under conditions similar
to the human oral cavity. Specifically, this methods article will describe how a
commercially available microfluidic system can be adapted to facilitate the growth of
multi-species oral biofilms derived from a pooled saliva inoculum and grown in pooled
cell free human saliva. Furthermore, a description of how the system can be used in
conjunction with a confocal laser scanning microscope to generate 3-D biofilm
reconstructions for architectural and viability analyses will be presented. Given the
broad diversity of microorganisms that grow in the environmentally germane
microfluidic-based oral biofilms (including Streptococcus, Neisseria, Veillonella,
Gemella, and Porphyromonas), a protocol will also be presented describing how to
harvest microfluidic-developed biofilm cells for further subculture- or DNA extraction and
analysis. The limits of both the microfluidic biofilm system and the current state-of-the-
art data analyses will be addressed. Ultimately, it is envisioned that this article will
provide a baseline technique that will improve the study of oral biofilms and aid in the
development of additional technologies that can be integrated with the microfluidic
platform.

INTRODUCTION:

Biofilms are architecturally complex communities of bacteria that are aggregated on
surfaces *. These communities typically contain numerous species that interact with one
another, within the biofilm, and with the environment 2. Oral biofilms, the most visually
conspicuous being dental plaque, are a persistent problem in humans and their
uncontrolled development leads to taxonomically diverse multi-species communities °.
The component bacteria of these diverse communities can be up to 1000-times more
resistant to antimicrobials than their free-floating (planktonic) counterparts *°. Failure to
treat these oral biofilm communities, which can cause dental caries and periodontal
disease, has resulted in a significant public health burden: over 500 million visits to the
dentist office per annum in the US, and an approximately $108 billion to treat or prevent
periodontal disease and dental caries ’.



“While many microbiologists advocate studying microbial behavior under natural

conditions, few of them do so. This is because their morale for overcoming the

difficulties is constantly sapped by the attractive ease of working with laboratory
cultures.” Smith &.

At present, oral biofilm research is conducted using a variety of in vivo and in vitro
approaches, each with their own advantages and disadvantages >'°. In vitro
approaches often use model biofilm systems that are relatively easy to set up but may
lack clinical/real-world relevance **'. In vivo approaches typically rely upon animal
model systems that may reproduce certain aspects of the human oral environment, but
again suffer from limitations due to differences in anatomy, physiology, microbiology
and immunology between animals and humans ***3. It should be noted that oral biofilms
can also be developed on enamel surfaces held in a stent within the mouths of human
volunteers, but this approach is currently relatively costly and labor-intensive ***°.
Ultimately, novel agents or technologies to improve oral healthcare are tested in
humans under controlled clinical trial conditions **. At present, an often-used modus
operandi for identifying and evaluating new oral healthcare agents is to perform
laboratory studies first, to discern potential efficacy, and then perform animal studies
and “field trials” that employ clinicians to evaluate the success of the technology °®*'.
Unfortunately, lab studies tend to rely on model systems that occupy a large footprint,
are technologically challenging to use, and often contain simplified communities of one
or at most a few species to derive potential real-world meaning '°*8. Given that dental
plaque biofilms, and indeed nearly all biofilms in the broader environment, contain
multiple species and develop in a complex milieu under flow, developing biofilms that
contain one or a few species in artificial media is likely to provide outcomes that are not
representative of the real-world scenario ***°. To address the time, cost, training
requirements, and the poor representative nature of laboratory model biofilm systems to
the real-world environment, we recently developed a high throughput and
environmentally germane biofilm system ?° (Fig. 1). The system benefits from the use of
cell-free pooled human saliva (CFS) as medium and untreated pooled human (bacterial)
cell-containing saliva (CCS) as an inoculum. Uniquely, the system also combines
microfluidic technology, a confocal laser scanning microscopy platform, and culture-
independent bacterial diversity analysis technology. Taken together, the model system
is environmentally germane (using saliva as an inoculum to grow multi-species biofilms
at 37°C in flowing saliva) and the oral biofilms contain species (including Streptococcus,
Neisseria, Veillonella, and Porphyromonas species) in abundances representative of
those found in early supraginingival plaque .

When considering this work that describes the use of the newly developed model
system, particular attention to the amalgamation of confocal laser scanning microscope
(CLSM), microfluidics, and the capability to perform culture-independent diversity
analyses must be given. The union of these technologies by our research group was
intentional and not only adds a high-throughput capability to the newly developed model
system but also allows questions to be asked that could not be easily addressed before
with other systems. Firstly, CLSM has distinct advantages over traditional microscopy
as it allows for the three-dimensional analysis of biofilms. Often unappreciated, this is



extremely important as biofilms are heterogeneous with respect to species composition
and spatial position as well as the physiological conditions being imposed at different
spatial locations within the biofim ®*!. In concert with three-dimensional rendering
software and image analysis software, the biofilm architecture, spatial relationships
between composition species, and extent of antimicrobial killing can be analyzed ?*%.
Such abilities are not possible using standard transmitted light or epifluorescence
microscopy. Next, microfluidics has garnered particular attention in the field of
microbiology as it enables the study of biofilms under carefully controlled conditions
(flow, temperature, pH, etc) and only requires small volumes of liquid ??%’. As a point of
comparison, growing an oral biofilm in human saliva within a flow cell model system (a
system that is arguably considered the mainstay model for many oral biofilm studies) for
22 hours at a similar flow-rate and shear as that achieved in a microfluidic system
requires at least 200 mL, as opposed to 800 pL in the microfluidic device 23!, Thus, a
microfluidic model biofilm system enables the study of quantity-limited material under
defined conditions. Finally, pyrosequencing technology has been optimized in the last
decade to require only small amounts of material to perform a community analysis and
is sufficiently versatile to control depth of sequencing to obtain the identity of even rare
biofilm species. The use of this technology, such as bacterial tag-encoded FLX
amplicon pyrosequencing (b TEFAP), has allowed for pertinent questions concerning the
ecology of biofilms to be addressed %3, Such questions imbued difficulties in the past
when pyrosequencing was not available because of the time and costs required to
create plasmid libraries and the complex technological and analytical steps required to
derive data **3*. Of course, a great advantage with culture-independent approaches,
such as pyrosequencing, is that the bacterial species that cannot be grown in isolation
conventional laboratory media (i.e. viable but non-cultivable species) can be identified
and their relative abundance in the community quantified * 3. To add perspective, as
early as 1963, the late Sigmund Socransky estimated that approximately 50% of the
bacteria in material isolated from the human oral gingival crevicular crevice could not be
cultured using laboratory growth conditions *'.

The objective of this methods paper is to describe the approach to develop oral multi-
species biofilms in a commercially available microfluidic (Bioflux) system under
conditions representative of the human oral cavity and with a species composition and
abundance that is comparable to supragingival plaque. Furthermore, using both
freeware and commercial software, we highlight how basic biofilm architecture
measures can be derived from CLSM data, with a focus on approaches to quantify
biofilm biomass, roughness, and viability (based upon Live/Dead staining). Finally, the
steps required to harvest biofilm material for diversity analysis by bTEFAP are
described.

PROTOCOLS:
The saliva collection protocol described herein was reviewed by the University of
Michigan Institutional Review Board for Human Subject Research.

NOTE: With regard to institutional reviews for human subject work of this type, prior
arrangements and permissions should be garnered from the host institution. In



particular, depending on the institution, IRB or ethics approval might need to be sought
and approved before saliva collection from human volunteers can proceed. As an aid to
preparing an application, a useful NIH algorithm/chart can be found
here:http://grants1.nih.gov/grants/policy/hs/PrivateIinfoOrBioSpecimensDecisionChart.p
df

1) PREPARATION OF POOLED SALIVA FOR USE AS AN ENVIRONMENTALLY
GERMANE GROWTH MEDIUM

1.1. Recruit >5 individuals for saliva donation. Do not take any identifying information,
ensure no individuals will donate saliva if they are ill, or have taken oral antibiotics in the
past 3 months, or have consumed food or liquid, with the exception of water, in the
previous 2 hours before donation.

1.2. Collect saliva in 50 mL plastic tubes. Pool the collected saliva in a plastic beaker,
keeping it on ice. Do not use glass as polymers in the saliva will adhere to the internal
glass surfaces

1.3. Add Dithiothreitol (DTT) to a final concentration of 2.5 mM from a 100X stock.
(Stock is frozen in single-use aliquots at —20°C). Stir for 10 minutes in a plastic beaker
onice.

1.4. In order to remove particulate matter, centrifuge the pooled saliva for 30 minutes at
17,500 x g.

1.5. Dilute the saliva with 3 volumes of dH,O to give one-fourth concentrated saliva.

1.6. Filter-sterilize saliva using 0.22 um polyethersulfone (PES), low protein binding
filter. Use filter with large surface area, or use several small area filters. Keep saliva in a
plastic container on ice while filtering.

1.7. Freeze the pooled saliva at —80°C in 50 ml plastic tubes until needed to grow
bacteria. Each plastic tube is for one use only and should contain no more than 35 mL
as each microfluidic well holds a maximum of 1.2 mL (1.2 mL x 24 wells = 28.8 mL) and
space is needed in each tube as frozen saliva expands during freezing.

1.8. For use, thaw the pooled saliva at room temperature. Once thawed, filter-sterilize
once more (0.22 um polyethersulfone, low protein binding filter to remove any
precipitates.

2) PREPARATION OF POOLED SALIVA FOR USE AS AN INOCULUM

2.1. Recruit >5 individuals for saliva donation. Do not take any identifying information,
ensure no individuals will donate saliva if they are ill, have taken oral antibiotics in the
past 3 months, or have consumed food or liquid, with the exception of water, in the
previous 2 hours before donation. Collect samples over 30 min.
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2.2. Collect saliva in 50 ml plastic tubes at room temperature and pool the collected
saliva in a plastic beaker at room temperature.

2.3. Dilute pooled saliva with autoclaved general reagent grade glycerol to yield a stock
with a final ratio of 25% glycerol, 75% cell-containing saliva [CCS].

2.4. Freeze saliva at — 80°C in 3 mL single-use aliquots until needed.

2.5. When required to inoculate the microfluidic system, aliquots are thawed at room
temperature and agitated gently on a vortexer for 5 seconds before being pipetted into
the microfluidic system as described in step 3 of the protocol, below.

3) GROWTH OF ORAL MULTI-SPECIES BIOFILMS
3.1. CFS pre-treatment

3.1.1 First coat the channels with CFS. Add 100 uL of CFS to each outlet well. Do this
using an automatic experimental controls software, such as Bioflux by selecting
‘manual” and set flow from channels “B1-B24” to be used.

3.1.2. Next, set shear to 1.0 dyne/cm? and flow for 2 minutes at room temperature to
ensure homogenous distribution of the CFS throughout the channel. Ensure there is
fluid in each inlet channel to verify that CFS flowed through all channels evenly.

3.1.3. Incubate plate at room temperature for 20 minutes.

3.1.4. Aspirate out CFS/pretreat solution that remains in the outlet wells and transfer to
the inlet wells. This total volume of 100 pL, will serve to balance against the pressure
being applied to the inoculum in the outlet well.

3.2. Inoculation

3.2.1 To each outlet well, add 100 pL of CCS inoculum. Place the microfluidic plate on
the heat plate set at 37°C, select manual within the control software and set flow from

outlet wells to the inlet wells (ie reverse) at 1.0 dyne/cm? for exactly 6 seconds.

3.2.2 Incubate plate on heating plate at 37°C for 40 min to allow for initial adherence
and growth of the inoculum.

3.3. Overnight Growth
3.3.1 Aspirate all of the inoculum from each of the outlet wells for channels being used.

Add up to 1 mL total volume of CFS into each of the inlet wells (can be done on top of
existing CFS).



3.3.2 Incubate the plate on the heating plate at 37°C, select manual and set the
program to run at 0.2 dyne/cm? for 22 hours.

3.4. Stain prewash

3.4.1 Aspirate all fluid from the inlet and outlet wells and add 100 pL of PBS (pH 7.4) to
each of the inlet wells. Flow for 20 minutes at 0.2 dyne/cm?.

3.5. Stain mixture addition

3.5.1 For cell viability staining make 100 pL of stain mixture for each channel to be
stained. Specifically, Add 3 pL of SYTO 9 and 3 pL of propidium iodide per 1mL of PBS
using commercial cell viability staining kit such as LIVE/DEAD. This generates a
staining mixture containing 10.02 uM of SYTO 9 and 60 puM of propidium iodide.

3.5.2 Aspirate the remaining PBS from the inlet wells and then add 100 pL of the cell
viability stain mixture to each inlet well. Set to flow at 0.2 dyne/cm? and run the solution
from inlet to outlet for 45 minutes at room temperature.

3.6. Post-staining wash

3.6.1 Aspirate the remaining stain in each of the inlet wells and add 100 pL of PBS to
each inlet well. Set to flow at 0.2 dyne/cm2 and run the PBS solution from inlet to outlet
for 30 minutes at room temperature to remove any excess stain.

4) IMAGE COLLECTION, 3D RENDERING, AND IMAGE ANALYSIS

4.1 Use an inverted confocal laser scanning microscope (CLSM) to highlight key steps
and considerations when collecting biofilm data from the microfluidic system.

NOTE: Given the dimensions of the microfluidic channels, the need for sensitivity to
discern biofilm structure, and the requirements to detect fluorescence signal of varying
intensity, the fit the CLSM with a 40X 1.25NA objective lens or one with similar optical
guality, magnification, and numerical aperture.

4.2. Standardize the emission capture gates with gain and offset measurements being
kept constant. Ensure that the laser power does not exceed 25% as this will result in
photo-bleaching.

4.3Convert CLSM files from the Leica Image File type (LIF) to OME (Open Microscopy
Environment) file type. This allows for greater ease of access and compatibility between
software programs. Use commercially available software such as, IMARIS to convert
files to this type.

3D Rendering for Images/Figures



4.4. Once converted to OME format, commercially available software such as, IMARIS
to render the images in 3D. Perform this using a combination of “Easy3D” and
“Surpass” options.

NOTE: Attention to background signal and thresholding should be made. The histogram
function in IMARIS can be used to obtain the collection range and this should be kept
constant between images being analyzed.

4.5. Save images as different file types using the “snapshot” function and make careful
consideration to image resolution before saving file types.

4.6 Assemble images into figures using image editing software such as CorelDraw or
Adobe lllustrator.

3D Image Analysis for Graphs and Tables
4.7 Use freely available IMAGEJ ** and COMSTAT/COMSTAT 2 * for this 3D image

analysis. Download the packages from http://rsb.info.nih.gov/ij/ and http://comstat.dk/,
respectively.

NOTE: The software platform JAVA will need to be installed prior to the use of the
image analysis software.

4.7.1. Use the IMAGEJ software with COMSTAT?2 plugin and the most recent Java
update installed. Import the OME files for each biofilm image in “hyperstack” mode and
view with “split channels”.

4.7.2. Analyze individually the two channels (red/propidium-iodide/dead being channel
0, green/SYTO-9/LIVE being channel 1) using the “histogram” function of IMAGEJ. This
function lists the total number of pixels of 8-bit OME files (shown as “count”) at each
color intensity from 0-255 (shown as “value”), with 0 being pixels with no signal
(background) and 255 being pixels with complete signal saturation.

4.7.3. Export the data into a spreadsheet program and standardize all signal values by
weighting each pixel by the corresponding signal intensity. This is performed by
multiplying the total count at a given signal intensity by the numerical 8-bit value (0-255)
of that signal intensity.

4.7.4. Sum all weighted values, 0-255, for both channels for each biofilm image
captured. Take the sum of the weighted values for both channels are and find the
percent total signal from either channel, do this to determine the relative ratio or percent
red and percent green signal (i.e. the percent “DEAD” and percent “LIVE” for each
treatment).
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4.7.5. Perform statistical analyses, for example using two-tailed Student's T-test
modified for unequal variance. Values of p < 0.05 are considered significant and those
values of p < 0.01 are considered highly significant.

5) HARVESTING BIOFILM CELLS FOR CULTURE-INDEPENDENT ANALYSIS

5.1 Remove all spent and unused saliva from inlet and outlet wells. Wash the wells with
1 mL sterile distilled water three times.

5.3. Add 100 pL of sterile distilled water to the inlet wells and, using the software control
interface, pass the sterile distilled water forward through the channels at >8.0 dyne/cm?
(flow rate >745 pL/h, shear of 800 s™) for at least 10 min. Repeat in the reverse
direction for at least 10 minutes and then repeat the forward and reverse washing step
process.

5.4. Check by light or by epifluorescence microscopy (if cells were stained/labelled) for
thorough biofilm removal (Fig. 2). Collect the 100 pL cell-suspension and store at -80°C
for culture-independent analysis. A cost-effective analysis of community composition
can be through using bacterial tag-encoded FLX amplicon pyrosequencing (bTEFAP)
using the approach described in Nance et al. %

REPRESENTATIVE RESULTS:

3D RENDERING OF BIOFILMS

Representative results are shown in Figure 3. A useful capability to IMARIS software is
the contained tools to examine each slice of the collected biofilm stack and to render
them to create three-dimensional reconstructions. In addition, artificial shadowing
effects can be added to help visually interpret three-dimensional structures.
Furthermore, the biofilms can be orientated in any direction with almost limitless useful
magnification to explore biofilm or micro-colony structure. The images presented in Fig.
3 show the outcome of the treatment of an oral multi-species biofilm. Of particular note
is that treatment with 70% ethanol resulted in significant color change for most of the
biofilm (from green to red) suggesting significant cell-death or cell-damage. The large
micro-colonies appeared to contain more dead cells than the underlying (and now
exposed) micro-colony cells. Such an outcome is conceivably due to de-adhesion of
biofilm cells because ethanol is a membrane-active antimicrobial. By converting the files
to OME format and analyzing the rendered stacks in IMAGEJ, it can be seen by
applying histogram functions that the amount of red and green signal is inversely
proportional between the untreated biofilms and those treated with ethanol.

QUANTIFICATION OF BIOFILM PROPERTIES

Table 1 shows the average and standard deviations of key structural parameters. A key
advantage to using IMARIS, IMAGEJ and COMSTAT, is that if IMARIS is used first,
OME files can be generated to allow files to be pipelined through IMAGEJ and
COMSTAT. The sample data presented in Table 1 shows that treatment of the oral
biofilms with 70% ethanol resulted in a highly significant drop in viability from 80.8% to
28.3%. Ethanol can cause some cell damage and structural changes in biofilms but this



is often-times not measurably significantly different. Here, no differences in measures of
average biovolume, average thickness and average roughness were detected (Table 1).

FIGURE AND TABLE LEGENDS:

Figure. 1. The Bioflux microfluidic CSLM oral biofilm system. (A) A diagram showing a
vertical cross-section of the Bioflux system while being mounted on an inverted SPE
CLSM. (B) An annotated (black lines) photograph highlighting two microfluidic channels
and the inlet and outlet wells. (C) An example of a rendered two-dimensional Live/Dead
stained oral biofilm that has been treated with a 0.01% CPC solution resulting in
heterogeneous killing, in part due to reaction diffusion limitation. Green color indicates
live cells, stained with Syto 9; red colored cells are dead or damaged and stained with
propidium iodide. Fig 1A and 1B from Nance et al. ?° with permission. Bar in Fig. 1C
represents 30 pm.

Figure. 2. Two dimensional and three-dimensional views of rendered 22 h biofilms
developed in pooled cell-free saliva (CFS) that was inoculated from pooled cell-
containing saliva (CCS). An untreated biofilm community (left column of images) is
compared against a 70% ethanol treated biofilm community and a representative biofilm
is shown in different planes of view (XY, XZ, and ZYZ). Histograms showing the
differences in red (dead/damaged cells) and green (live cells) are shown for each image
stack (logged data shown in black and non-logged data shown in grey). All data is
derived from 8 bit images and thus on a scale of 0-255 (256 increments). Scale bars
represent 30 pm.

Figure. 3. Flow chart demonstrating the outcome of extraction/harvesting of 22 h oral
multi-species biofilm (developed from a CCS inoculum in flowing CFS) from the Bioflux
microfluidic device using the elevated shear/flow technique. Dotted lines have been
applied to the images to aid in determining the location of the channel walls. The
community composition of the harvested biofilm can be analyzed by 454
pyrosequencing approaches such as bacterial tag-encoded FLX amplicon
pyrosequencing (bTEFAP) and expressed at multiple taxonomic levels (phylum through
species) depending upon requirements. Shown is an example of the community
composition, at the phylum level, of biofilms harvested from three microfluidic channels.
Bars reprent scale in micrometers.

Table 1. Quantification of biofilm properties of untreated and 70% ethanol treated 22 h
biofiims developed in pooled cell-free saliva (CFS) from an inoculum cell-containing
saliva (CCS). Bold values are the averages and non-bolded values in brackets are the
standard deviations). Data is from at-least five images from three microfluidic channels.
Significant differences to the untreated control are highlighted by an asterisk (*: P <
0.05%; ** P < 0.01%).

DISCUSSION:

This methods paper highlights the basic steps required to setup and run a microfluidic
system in a manner to allow for the development of oral multi-species biofilms derived
from pooled saliva and grown in filter-sterilized 25% human saliva. Approaches to



characterize the biofilm are given but it should be remembered that these described
approaches are modifiable and additional technologies such as, for example, stains or
labels can be introduced. As a matter of example, one could conceivably use labeled
antibodies or introduce a fluorescent strain to visualize and examine the spatial position
of certain species within the oral multi-species biofilm. Furthermore, depending upon the
model of the microfluidic system being used, it is possible to develop biofilms under
anaerobic conditions (in the case of the Bioflux system, a technical note is available at
Fluxion.com on this subject).

A key aspect to the microfluidic systems are their compatibility with multiple
technologies and this is highlighted here by the ability to perform culture-independent
diversity analyses (Fig. 3). While the internal surfaces of the microfluidic system are not
easily accessible, vigorous forward and reverse flow does enable substantial biofilm
biomass to be removed. While all of the biofilm cannot be easily removed and this could
be considered a weakness to the system, it is relevant to note that many model biofilm
systems also have a similar issue and the claims from any such collected data have to
be tempered with this knowledge. For example, it is possible that the abundance of
streptococci might be higher in the biofilm than actually determined because many
Streptococcus species have exceptionally good abilities to bind to saliva coated
surfaces .

As with all model biofilm systems, one has to be mindful of the questions being asked.
For example, this system would not be suitable for long-term longitudinal studies. A
model system such as a constant depth film reactor, a sorbarod system, or a drip
reactor might be more suitable *°*?, although the problem of limited quantities of saliva
for a model system becomes an issue as these are not microfluidic-based designs. In a
similar light though, the Bioflux system described here could also be adapted for studies
of biofilms in other environments where biological fluids are only available in small
guantities. For example, this could include urine and wound exudate.

In conclusion, as with any in vitro model system, one has to be cognizant of the
strengths and weaknesses to the model microfluidic system for the growth of oral
biofilms. While the microfluidic system is arguably environmentally germane and allows
for the development of biofilms that are compositionally similar to the in vivo situation, it
is not the same as the in vivo situation and will likely never be so. A laboratory model
system is only as good as its assumptions and while the microfluidic system has many
overlaps with conditions within the human oral cavity, factors such as host-based effects
and external biotic and abiotic challenges (e.g. through drinking and eating) cannot be
easily replicated. With this in mind, however, it is clear that the high throughput nature,
and environmental, and microbiological overlaps with the real-world oral environment
make this an alluring system for making predictions before preparing for lengthy,
expensive, and logistically challenging clinical studies.
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Table 1. Quantification of biofilm properties of untreated and 70% ethanol treated .

Parameter/Treatment Untreated
Average Viability (%) 80.8 (0.9)
Average Biovolume (um“/pm®) 17.7 (8.4)
Average Thickness (um®) 23.3(11.3)
Average Roughness 0.4 (0.3)
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22 h biofilms developed in pooled cell-free saliva (CFS) from an inoculum cell-containing saliva (CCS). Bold

70% EtOH

28.3 (5.8)*
16.1 (3.0)
15.6 (6.4)

0.50 (0.2)




| values are the averages and non-bolded values in brackets are the standard deviations). Data is from at



-least five images from three microfluidic channels. Significant differences to the untreated control are



highlighted by an asterisk (*: P < 0.05%; ** P < 0.01%).



Excel Spreadsheet- Table of Materials/Equipment
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SUPPLIES AND EQUIPMENT

Falcon 50mL Conical Centrifuge Tubes

Falcon 15mL Conical Centrifuge Tubes

Dithiothreitol (White Crystals or Powder/Electrophoresis), Fisher BioReagents
Sorval ultracentrifuge (SS-34 compatible)

Thermo Scientific SS-34 Rotor

Thermo Scientific Type 1 Reagent Grade Deionized Water

Nalgene Rapid-Flow Filter Units and Bottle Top Filters, PES Membrane, Sterile.
Glycerol

BioFlux microfluidic system

Bioflux 24-channel plate

PBS (Gibco)

LIVE/DEAD stain (Invitrogen)

Confocal Laser Scanning Microscope

Epifluorescence Microscope

Pyrosequencing facilities

Decon SaniHol 70 Ethanol Solution

Ultra Low Temperature Freezer -80°C

Tips (20, 200, and 1000uL)

Single Channel Variable Volume Pipettors (20, 200, 1000uL)

SOFTWARE

Bioflux dedicated software
Imaris

Leica SPE

ImagelJ
COMSTAT/COMSTAT 2


http://www.editorialmanager.com/jove/download.aspx?id=207799&guid=0ac5b08c-6b01-488a-aa04-8b8765dfd1e0&scheme=1

AVAILABLE FROM COMPANY

Fisher Scientific
Fisher Scientific
Fisher Scientific
Thermoscientific
Thermoscientific
Thermo Scientific Inc
VWR
Thermo Fisher Scientific Inc
Fluxion
Fluxion
Thermo Fisher Scientific Inc
Invitrogen
Lecia
Multiple choices
Multiple choices
Fisher Scientific
Multiple choices
Multiple choices
Multiple choices

Bioflux

Bitplane

Leica

Freeware (http://imagej.nih.gov/ij/)
Freeware (http://www.comstat.dk/)

CATALOG NUMBER

14-432-22
14-959-49D
BP172-5
Unit-dependent
28-020
23-290-065
73520-986
NC0542269
Bioflux 200 system
910-0004
10010023
L7012
SPE or egivalent system
Multiple choices
Multiple choices
04-355-122
Multiple choices
Multiple choices
Multiple choices
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privacy, and all other rules, regulations, laws, procedures or
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the Author's relevant institutional review board.
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shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution. If more than one
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Author’s institution as necessary to make the Video, whether
actually published or not. JoVE has sole discretion as to the
method of making and publishing the Materials, including,
without limitation, to all decisions regarding editing, lighting,
fitming, timing of publication, if any, length, quality, content
and the like.

11, Indemnification. The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein. The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney's fees, resulting fram the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Authot’'s or the
Author's institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, viclations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JovE, making of videos by IoVE, or publication in
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for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
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decontamination pracedures shall be salely the responsibility
of the Author and shall be undertaken at the Author's
expense. All indemnifications provided herein shall include
JoVE's attorney’s fees and costs related to said losses or
damages. Such indemnification and holding harmless shall
include such losses or damages incurred by, or in connection
with, acts or omissions of JoVE, its employees, agents or
independent contractors.

12. Eees. To cover the cost incurred for publication, JoVE
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Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
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Withdrawal by the Author of any submitted Materials after
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Response to Reviewers
Click here to download Rebuttal Comments: Response to reviewers.docx

We thank the reviewers for their appraisal of this manuscript and are glad that it was well received. We
are very excited by this model system and hope that it will be of use to the broad microbiology research
community.

The only correction that was suggested has been made. Specifically, we have added the following
sentence to the saliva collection protocol, “In particular, depending on the institution, IRB or ethics
approval might need to be sought and approved before saliva collection from human volunteers can
proceed”. We thank reviewer one for this suggestion as we want to make absolutely sure that any other
researchers that wish to use this system have appropriate approvals.
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