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An Optimised GAS-pharyngeal cell biofilm model
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Abstract: Group A Streptococcus (GAS) causes 700 million infections and accounts for half a million
deaths per year. Biofilm formation has been implicated in both pharyngeal and dermal GAS
infections. In vitro, plate-based assays have shown that several GAS M-types form biofilms, and
multiple GAS virulence factors have been linked to biofilm formation. Although the contributions
of these plate-based studies have been valuable, most have failed to mimic the host environment,
with many studies utilising abiotic surfaces. GAS is a human specific pathogen, and colonisation
and subsequent biofilm formation is likely facilitated by distinct interactions with host tissue
surfaces. As such, a host cell-GAS model has been optimised to support and grow GAS biofilms of
a variety of GAS M-types. Improvements and adjustments to the crystal violet biofilm biomass assay
have also been tailored to reproducibly detect delicate GAS biofilms. We propose 72 h as an optimal
growth period for yielding detectable biofilm biomass. GAS biofilms formed are robust and durable,
and can be reproducibly assessed via staining/washing intensive assays such as crystal violet with
the aid of methanol fixation prior to staining. Lastly, SEM imaging of GAS biofilms formed by this
model are resemblant of those previously found on excised tonsils of patients suffering chronic
pharyngo-tonsillitis. Taken together, we outline an efficacious GAS biofilm pharyngeal cell model
that can support long-term GAS biofilm formation, with biofilms formed closely resembling those

seen i1 vivo.
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Introduction

Streptococcus pyogenes (Group A Streptococcus; Group A streptococci; GAS) is a Gram-positive
human pathogen known to cause an array of infections ranging from mild infections of the skin and
throat, to more serious and life threatening conditions such as necrotising fasciitis and numerous
autoimmune sequelae [1]. GAS infections are a considerable burden on global healthcare systems
with high rates of patient mortality and morbidity [2].

GAS has been found to form biofilms in the tonsillar crypts of patients with GAS pharyngitis
and in the skin lesions of GAS impetigo sufferers [3,4]. In vitro, it has been demonstrated that GAS
biofilm formation is strain dependent. And among isolates of the same serotype, biofilm forming
capacities are oftentimes found to differ considerably [5]. As highlighted in Table 1, in vitro plate-
based studies have implicated several GAS virulence factors (M protein, capsule, pili, SpeB, CovS,
and quorum sensing peptides) in biofilm formation [6]. These findings have contributed substantially
to our current understanding of GAS biofilms and their involvement in GAS pathogenesis and
disease. However, much of this work has been conducted on abiotic surfaces (plastic, glass, and
silicone). To date, few studies have used host matrix components like collagen, fibronectin, or
fibrinogen as surface coatings for GAS biofilm studies [7-10]. Moreover, there is currently no
methodology or protocol widely recognised as the gold standard for GAS biofilm formation. The
variability among methods, and limited use of host factors in in vitro plate-based GAS biofilm models
found in previous studies has been summarised in Table 1. This table highlights that only three in
vitro plate-based studies utilising epithelial monolayers to grow and support GAS biofilms have been
published.

There is a need for GAS biofilm models to better incorporate host factors, as it has been found

that failure to do so has significant effects on the biofilms formed, with the overall arrangement and
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architecture of biofilms and their virulence gene expression, found to noticeably differ from that of
biofilms formed in vivo [10]. Moreover, tissue tropism displayed by differing GAS isolates towards
the throat and skin, which are vastly different epithelial landscapes and environments [11], will
influence GAS adherence, colonisation, and subsequent biofilm formation. Thus, the incorporation
of relevant host epithelial substratum, and an overall mimicking of the host environment should be
a consideration in GAS biofilm modelling.

Here, a GAS-pharyngeal cell biofilm model has been optimised to cultivate robust GAS biofilms
that can be used for a diverse set of GAS M-types. We also present optimised steps and tips for
increased biofilm integrity and reproducibility when performing staining assays like crystal violet.
This model has since been used to effectively assess the role pharyngeal cell surface glycans play in
GAS biofilm formation and clearly demonstrates the importance of mimicking the epithelial

environment in these studies [12].
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64 Table 1. Examples of in vitro plate-based models used for the study of GAS biofilm formation.
Growth Medi -
fow Time e. .1a Inoculum* e Purpose of the study Ref.
Substratum conditions type
Biofilm forming abilities
f WT GAS d t
Up to C medium, © compared to
Polystyrene 9% h 2300 0.1:10 emm14 mutants (capsule, mga [10]
virulence regulon, M-
protein, and covR)
Microcolony-dependent
THY - 0.2% yeast and
supplemented -independent biofilm
Polyst 24h 1:100 14 13
olystyrene with 0.5% emm formation, with a focus [13]
glucose, 37°C on the role of GAS
capsule
Glass and . Str.eptococc.al collagen-
Brain heart like protein-1 (Scll)
cellular form . . . emml, o
) i infusion (BHI) Exponential binding wound
of fibronectin 1or24h 28, and ] ) [7]
and THY +0.2%  phase GAS associated cFn (with extra
(cFn) coated 41 . .
yeast, 37°C domain A) involvement
glass o .
in biofilm formation
emml, 2, Effect of coating with
Human: 3,6,12, human matrix
fibronectin, Luria Broth, 14, 18, components in
fibrinogen, THY - 0.5% 28, and potentiating biofilm
laminin, 12 to yeast, BHI, or 1x104 49 formation. [8]
collagen 120 h chemically CFU/ml
coated, or defined medium, emmld Investigating quorum
uncoated 37°C and sensing signaling peptide
polystyrene emmi8 SilC in mediating biofilm
mm
density and structure
Polylysi
olylystne . Pilli involvement in
coated glass 72 h C medium, 37°C 1:10 o .
] mature biofilm formation
coverslips
Pharyngeal: emml Pilli involvement in [14]
Detroit 562 2h THY, 37°C 0.6 ODétonm initial .adhe.sion and its
monolayers role in microcolony
development
emml, 3, Assessing the role of
Pharyngeal: 9,12, pharyngeal cell surface
Detroit 562 72h THY, 34°C 1:20 44, 53, glycans in GAS biofilm [12]
monolayers 90, 98, formation in the context
108 of GAS pharyngitis
Skin: SCC13 emm3 Biofilms examined for
THY- 0.5% yeast, 2x10* L .
monolayers 48 h and colonisation, virulence, [15]
34°C CFU/0.5mL 1. .
cells emmeo6 and genetic diversity

65

*Inoculums listed as ratios (bacteria: bacterial media), growth phase, or optical density.
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Materials and Methods

GAS and culture conditions

GAS strains used in this study (Table 2) are clinical GAS isolates, with each strain representative
of a discrete GAS emm-type [16-18]. GAS was grown on horse blood agar (HBA) plates (Oxoid, UK) or
Todd Hewitt agar supplemented with 1% (w/v) yeast (THYA) (Difco, Australia). Static cultures of GAS
were grown overnight in Todd Hewitt broth supplemented with 1 % (w/v) yeast (THY). GAS was
cultured, maintained, and biofilms formed at 34°C to mimic conditions more closely seen in the in vivo

pharyngeal environment as described by Marks, ef al. [19].

Table 2. GAS strains utilised in this study, their emm-types, and clinical source.

M-type Strain Clinical source Ref.
M1 5448 Invasive infection: Necrotising fasciitis and toxic shock  [18]
Mi12 PRS-8 Superficial infection: persistent Pharyngeal pus/sinusitis  [17]
M3 90254 Invasive infection [17]
M98  NS88.2 Invasive infection: Blood (bacteraemia) [16]
M108  NS50.1 Superficial infection: Wound [16]

Human pharyngeal cell culture conditions

Detroit 562, a human pharyngeal epithelial cell line (CellBank Australia, Australia), was cultured
in Dulbecco’s Modified Eagle Medium (DMEM) F12 (Invitrogen, Australia), supplemented with 2 mM
L-glutamine (Gibco, Life Technologies, UK) and 10 % (v/v) heat inactivated foetal bovine serum (FBS)

(Bovogen Biologicals, Australia) in cell culture flasks at 37°C, 5% CO2—20% Oz atmosphere.

Pharyngeal cell monolayer formation

Detroit 562 pharyngeal cell monolayers form the substratum for GAS biofilm growth. An outline

of the process and the monolayers formed is depicted in Fig. 1.
o The wells of a 96-well flat bottom cell culture microtiter plate (Greiner Bio-One, Germany) were
coated with 50 pL of 300 pg/mL Collagen I from rat tail (Gibco, Life Technologies, UK)
prepared in pre-chilled, sterile 17.4 mM acetic acid solution. The plate was incubated for 1 h,

37°C, 5% CO2-20% Oz atmosphere.
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e After 1 h, excess collagen was removed, and the wells seeded with 150 puL Detroit 562 cell
suspension (2x105 cells/mL) and cultured for 48 h (to achieve ~95% confluency).

e Monolayers were washed once with 200 uL of sterile PBS, and fixed with 50 uL sterile 3.7%
paraformaldehyde (PFA) (w/v) for 20 min.

e Once cells were fixed, PFA was removed and wells washed twice with 200 pL of PBS.

e Monolayers can be used immediately, or stored at 2-8°C for up to two weeks (with monolayers

kept wet via submersion in 200 pL of sterile PBS) until required for use.

8383550 8888 Ce/000000000

Incubate1h 888888888888 Incubate 48 h
SR | e | Semcsans | Mo

338300000003 ) 3% 02~ 20%0; | 8333353555553 ) 5% €02~ 20%0:

3.7% PFAFixed

Coat wells with 50 uL Remove excesscollagen Pharyngeal Monolaye!
of collagen|V and seed wells with
(3 nug/mL) 150 uL of 2x10% cells/mL
Detroit562cell
suspension

300 um

eail

Achlevmg 95%confluency

Figure 1. Schematic outlining the process of Detroit 562 pharyngeal cell monolayer formation.
Schematic shows collagen coating, seeding with Detroit 562 pharyngeal cells, and finally an example
well containing a 3.7% PFA fixed ~95% confluent monolayer of Detroit 562 pharyngeal cells. Example
monolayer image taken at 10x objective at the Incucyte.

GAS biofilm formation

e  Wells containing pre-formed fixed Detroit 562 pharyngeal cell monolayers were seeded with
150 uL of overnight GAS culture diluted 1:20 in THY-glucose (0.5% glucose v/v) (THY-G).
Wells containing 150 uL sterile THY-G (no bacteria) served as media sterility controls and
blanks.

e The plate was incubated for 2 h (34°C, 50 rpm) to facilitate GAS interacting with and adhering

to the pharyngeal cell monolayer substratum.
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105 o Tips to avoid evaporation from the biofilm plate:

106 »  Peripheral wells can evaporate quickly, and in turn this affects the biofilms grown and
107 subsequently assayed. Thus, it is advised (where possible) to grow biofilms in the
108 inner-most wells of the plate, with wells not in use filled with 200 uL of sterile water.
109 *  Secondly, store plates in a sealed container filled with water to further avoid
110 dehydration of biofilm wells within the plate.

111 * Mount on an appropriate stage to keep plate elevated well above water level.
112 e At 2h, non-adherent GAS were removed and wells replenished with 150 pL of sterile THY-G.
113 Note: The current protocol was designed to model biofilms formed following the initial
114 interaction occurring between GAS-host cell surface structures at the 2 h point. Thus, this
115 incubation time can be changed dependent on the nature of the study.

116 e THY-G media was refreshed every 24 h to remove old media containing planktonic/loosely
117 bound cells, debris, and any waste. Note: GAS biofilms are quite delicate.

118 o Tips for media changing:

119 »  The pipette tip should be placed just below the meniscus of the media, and firmly
120 against the wall of the well at an angle of ~45°.

121 *  To change media with minimal disruption to the biofilm, it is best to remove and
122 replenish the THY-G media slowly and gradually (swapping out 50 uL at a time).
123  Together, this reduces any biofilm disruption/dislodgement.

124 e At72h, mature and robust GAS biofilms are produced.

125 GAS biofilm biomass crystal violet staining

126 Biofilm biomass is assayed via crystal violet staining.

127 e Biofilms were thoroughly air dried for 30-40 mins (or until fully dried)

128 o Tip: When completely removing media, adjust the pipetting volume (e.g. ~145 L) to account
129 for any media loss due to evaporation. This prevents/reduces biofilm disruption/loss into pipette

130 tip.
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131 ¢ Dried biofilms were then fixed with 150 uL of 99% methanol for 15 min.

132 o Tip: Fix with closed lid to minimise methanol evaporation.

133 e Once fixed, the methanol was gently and slowly removed from the biofilms

134 o Tip: Given methanol’s propensity to evaporate, pipetting volume adjustment (e.g. ~145 uL) is
135 recommended. This prevents/reduces biofilm disruption/loss into the pipette tip.

136 e Biofilms were thoroughly air-dried and stained with 150 uL of 0.2% crystal violet (w/v) (Sigma-
137 Aldrich, USA) supplemented with 1.9% ethanol (v/v) for 10 min (RT, static).

138 o Monolayers with THY (no GAS biofilm) served as media sterility controls and
139 background staining controls, with absorbance values subtracted from those of
140 biofilm samples.

141 e Once stained, excess crystal violet was removed, and biofilms gently washed twice with 200
142 uL of PBS.

143 e  Crystal violet stain that had incorporated into the biofilm was re-solubilised upon the addition
144 of 150 uL of 1% sodium dodecyl sulphate (SDS) (w/v) (Sigma-Aldrich, USA).

145 o Plate was incubated for 10 min (RT, static).

146 e Biofilm biomass was quantified spectrophotometrically at ODsiwnm (SpectraMax Plus 384
147 microplate reader).

148  Scanning Electron Microscopy

149 Scanning electron microscopy (SEM) was utilised to image M1, M12, and M3 GAS biofilms formed
150  on the Detroit 562 pharyngeal cell monolayers as these are all associated with GAS pharyngitis [1].
151  Preparation of biofilms for SEM was adapted from [20] with the following modifications.

152 e Ml and M12 GAS biofilms were grown on Detroit 562 pharyngeal cell monolayers previously
153 pre-formed on 13 mm plastic Nunc Thermanox coverslips (Proscitech, USA) in a 12-well

154 polystyrene plate.
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e Biofilms were air dried, and pre-fixed in 2.5% glutaraldehyde, 50 mM L-lysine
monohydrochloride, and 0.001% ruthenium red solution prepared in 0.1 M HEPES buffer (pH
7.3) (30 min, 4°C).

e Following pre-fixation, biofilms were fixed in fixative solution (2.5% glutaraldehyde and
0.001% ruthenium red prepared in 0.1 M HEPES buffer, pH 7.3) for 1.5 h (4°C) and washed
twice in 0.IM HEPES buffer.

e 2% osmium tetroxide vapour was used post-fixation (2 h) followed by three washes with

distilled water (each 15 mins).

e A graded ethanol series (30%, 50%, 70%, 90%, and 3x 100%) was then used to remove all water
from the biofilms before they were critical point dried (Leica CPD 030, Austria).
¢ Dried biofilms were then sputter coated with 20 nm platinum (Edwards Vacuum coater, USA)
and visualised using a JEOL JSM-7500 microscope (JEOL, Japan) at 500, 5000, and 15 000 x
magnification.
e  Detroit 562 pharyngeal monolayer controls (without biofilms) were also imaged at 500 and
5000 x magnification.
¢ Images were taken at random positions within the samples by a UOW Electron Microscopy
Centre technician blinded from the study in an effort to reduce bias.
Statistical Analysis
All statistical analysis was performed using GraphPad Prism (version 8.4.0, GraphPad Software,
USA). Datasets were compared using a student T-test, and a P-value of < 0.05 was considered
significant.
Results

48 h GAS biofilms are potentiated on Detroit 562 pharyngeal cell monolayers

To exemplify and highlight the need for a more physiologically relevant substratum for GAS

biofilm growth, two commonly studied GAS isolates, M1 (5448) and M12 (PRS-8), implicated in GAS
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180  pharyngitis were assessed and were the primary focus of this study [1]. Specifically, 48 h M1 and M12
181  GAS biofilms were assessed for their biofilm forming abilities on both a plastic substratum and
182  Detroit 562 pharyngeal cell monolayers via crystal violet staining (Fig. 2). Both GAS M-types were
183  found to exhibit significantly greater biofilm biomass when grown on the Detroit 562 pharyngeal cell

184  monolayers.
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185 Figure 2. M1 and M12 GAS were assessed for the ability to form biofilm on plastic and Detroit 562
186 pharyngeal cell monolayers. 48 h biofilms were formed and biofilm biomass ascertained via crystal
187 violet staining. Monolayers with THY (no GAS biofilm) served as media sterility controls and
188 background staining controls, with absorbance values subtracted from those of biofilm samples. Data
189 represents mean + SEM, ** (P < 0.01) and *** (P < 0.0001); n = 3 biological replicates, with 3 technical
190 replicates each.

191  Methanol fixation improves reproducibility of crystal violet staining on GAS biofilms

192 Crystal violet assays were first described by Christensen, et al. [21] as a means of quantifying
193  biofilm. Crystal violet has proven useful in that it detects biofilm in its entirety, staining a biofilms
194  biomass which comprises live and dead cells, as well as EPS matrix. Taken together with its overall
195  ease of use and relatively low cost it has since become a routinely used biofilm stain and detection
196  method [22]. Despite these attributes, there are some drawbacks and limitations to crystal violet use,
197  with concerns around reproducibility [23,24]. Reproducibility can be influenced by a biofilms overall
198  durability and stability, especially during the wash steps [24]. As such, biofilms that are thinner and

199  flimsier require further consideration of overall biofilm handling. Additional steps to the crystal
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200  violet assay can be implemented to ensure biofilm retention during the various washing, staining,
201  and de-staining steps of the assay.

202 In the current study, to minimise disruption and damage to the biofilm, biofilm plate
203  layout/growth conditions and overall handling were optimised as outlined in the methods according
204 to the following specifications; growing biofilms at the inner-most wells of a plate with unused wells
205 filled with water to avoid dehydration; adjusting pipetting volume for media removal to account for
206  dehydration during incubations; placing the plate inside a container containing additional water to
207  reduce media evaporation from the wells; gradual media changes (50 L at a time, as opposed to the
208  entire 150 pL) etc. Furthermore, to improve the durability of the biofilms during crystal violet
209  assaying, 48 h biofilms grown on the Detroit 562 pharyngeal monolayers were either fixed with
210  methanol or left unfixed and assessed for biofilm biomass (Fig. 3).

211 Methanol fixation was found to significantly increase retention of biofilm biomass following
212 crystal violet staining (Fig. 3). Hence, for GAS biofilms, we recommend methanol fixation as an

213  additional step prior to crystal violet staining.
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214 Figure 3. Methanol fixation improves M1 and M12 GAS biofilm biomass detection. 48 h GAS
215 biofilms were formed from planktonic GAS that had initially adhered to the Detroit 562 pharyngeal
216 cell monolayer after 2 h incubation. Biofilm biomass was ascertained via crystal violet staining.
217 Monolayers with THY (no GAS biofilm) served as media sterility controls and background staining
218 controls, with absorbance values subtracted from those of biofilm samples. Data represents mean +

219 SEM, * (P £0.05) and ** (P < 0.01); n = 3 biological replicates, with 3 technical replicates each.
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72 h growth yields optimal biofilm biomass

After optimising the crystal violet assay for GAS biofilms, M1 and M12 GAS biofilm formation
on the Detroit 562 pharyngeal cell monolayers was further assessed at extended growth periods of
72 and 96 h to see if greater biofilm biomass was achievable (Fig. 4). Both M1 and M12 formed
significantly more biofilm at 72 h compared to 96 h where biofilm biomass seemed to diminish. The
biofilm biomass at 72 h was also greater than the biofilm biomass formed previously at 48 h.

To build upon this and assess the utility of the optimised methodology, additional GAS M types
(M3 (90254), M98 (NS88.2), and M108 (NS50.1)) were also assayed for biofilm formation under the
same conditions (Fig. 5). As per M1 and M12, both M98 and M108 formed significantly greater biofilm

at 72 h compared 96 h. However, biofilm biomass remained relatively unchanged for M3 at both 72

h and 96 h growth periods.
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Figure 4. 72 h is an optimal period for GAS biofilm formation. M1 and M12 were assessed for GAS
biofilm formation at 72 and 96 h. 72 h yielded significantly more biofilm than 96 h. Biofilm biomass
was determined via crystal violet staining. Monolayers with THY (no GAS biofilm) served as media
sterility controls and background staining controls, with absorbance values subtracted from those of
biofilm samples. Data represents mean + SEM, ** (P < 0.01) and *** (P < 0.001); n = 3 biological
replicates, with 3 technical replicates each.


https://doi.org/10.1101/2020.11.25.399196

237
238
239
240
241

242

243

244

245

246

247

248

249

250

251

252

253

254

bioRxiv preprint doi: https://doi.org/10.1101/2020.11.25.399196; this version posted November 26, 2020. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

s 6 % % %
c ! % % %
S T iy 1 72h
< T T
B T 0 96 h
S 41
7]
%]
©
e
9 24
m
£
';_3 0 T T T

M3 M98 M108

GAS M-types

Figure 5. Assessing the utility of the optimised methodology on additional GAS M types (M3, 98,
and 108). Biofilm biomass was determined via crystal violet staining. Monolayers with THY (no GAS
biofilm) served as media sterility controls and background staining controls, with absorbance values
subtracted from those of biofilm samples. Data represents mean + SEM, ** (P <0.01) and *** (P <0.001);
n = 3 biological replicates, with 3 technical replicates each.

SEM imaging reveals 72h M1, M12, and M3 GAS biofilms formed in the host cell-GAS model closely

resemble those in vivo

M1 and M12, as well as an M3 strain also implicated in GAS pharyngitis [1] was imaged via
SEM. Specifically, 72 h GAS biofilms grown on Detroit 562 pharyngeal cell monolayers were visually
observed by SEM for their overall biofilm architecture, arrangement, and structure. M1, M12, and M3
GAS biofilms show cocci chains arranged in three-dimensional aggregated communities atop the
Detroit 562 pharyngeal cell monolayers (Fig 6). However, M1 (Fig. 6 A and B) and M3 (Fig. 6 E and
H) biofilms were found to arrange in tightly packed aggregates of cocci chains on the Detroit 562
monolayers, whereas M12 biofilms were more loosely arranged atop of the monolayers (Fig. 6 C and
D). All biofilms produced noticeable EPS that was found closely associated with the cocci chains (Fig
6.B, D, and F). Detroit 562 pharyngeal cell monolayers (without biofilm) are also shown (Fig 6. G and
H) depicting the pharyngeal cells arranged in confluent monolayers, with pharyngeal cells displaying

their cell surface projections.
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Figure 6. Representative 72 h M1 (A and B), M12 (C and D), and M3 (E and F) GAS biofilms
visualised by scanning electron microscopy at 500 and 15 000 x magnification. GAS biofilms show
chained cocci (white arrows) arranged into three dimensional aggregated structures with EPS (black
arrows) upon the Detroit 562 monolayers (smaller white arrows). Detroit 562 monolayers (without
biofilm) (G and H) were also imaged at 500 and 5000 x magnification. Images represent 3 biological
replicates, with 3 technical each.
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261  Discussion

262 GAS is a human pathogen, which when in the host is reliant on several host factors to prompt
263  and facilitate dynamic and unique interactions necessary for successful colonisation and persistence.
264  Most in vitro plate-based GAS biofilm models used previously do not mimic the host environment.
265  Moreover, the use of an epithelial substratum for growth is rare. Given the importance of the GAS-
266  host tissue interface in mediating the earlier stages of GAS association and adherence, it is likely that
267  these interactions are also crucial for various stages of subsequent biofilm formation and
268  establishment within the host. Thus, modelling in the absence of host factors and/or relevant host
269  epithelial substratum in in vitro plate-based biofilm models may result in biofilms that do not
270 accurately represent the GAS biofilms in vivo. Here we report an optimised method for GAS biofilm
271  formation using Detroit 562 pharyngeal cell monolayers as a model for GAS-host interaction.

272 In the current study, an optimised method for forming GAS biofilm on fixed pharyngeal cell
273  monolayers has been developed. Despite Detroit 562 pharyngeal cells not being a primary cell line,
274 they are suitable for this model for numerous reasons; i) the cell line is derived directly from human
275  pharyngeal tissue, a site which GAS readily colonises, ii) retention of surface structures after culturing
276  for adherence (e.g. carbohydrate epitopes) representative of native pharyngeal cells has been noted,
277  and iii) they have been used extensively in planktonic GAS adherence assays [11,25-28]. Overall,
278  utilisation of pharyngeal epithelial substratum within this model aimed to better recreate the host
279  environment than in most of the in vitro models used previously.

280 GAS biofilm biomass increased significantly when grown on fixed Detroit 562 pharyngeal cell
281  monolayers, when compared to biofilm grown on abiotic plastic substratum. This highlights the
282  difference in biofilm potentiation, as a direct result of substratum for biofilm growth. This supports
283  the utility for GAS biofilm modelling to include epithelia as a substratum for biofilm growth over an
284  abiotic plastic surface. Whilst various staining techniques have been developed to assess biofilm
285  biomass, crystal violet staining remains one of the most common techniques within the field. Here,

286  we propose optimisation of this method at the biofilm formation steps preceding crystal violet
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287  staining, as well as additional considerations required during the crystal violet assay that are tailored
288  to the GAS biofilms formed using this model. Specifically, to further improve biofilm detection,
289  durability, and subsequent reproducibility of the commonly used biofilm biomass crystal stain assay,
290  methanol fixation was assessed. 48 h GAS biofilms that were methanol fixed prior to crystal violet
291  staining yielded greater biofilm biomass, with less biofilm loss during the intensive staining and
292  washing steps. In turn, reducing error, and increasing reproducibility.

293 Broth grown GAS is inherently toxic to epithelial cells, as such, there have previously been no
294  models that explore or support long-term GAS biofilm-epithelia co-culture in a plate-based model
295  [15]. Here, we show that fixed pharyngeal cell monolayers support GAS biofilm formation beyond
296 48 h. However, of the three time points assessed, 72 h is the most optimal biofilm growth period for
297  yielding the greatest biofilm biomass for M1, M12, M98, and M108 GAS. Biofilm biomass was seen
298  to diminish at 96 h, likely resulting from partial disintegration of biofilm. This may be indicative of a
299  mature or older biofilm reaching the final step of the biofilm life cycle - dispersal. Dispersal is thought
300 to be triggered by nutrient exhaustion at the site, which in a host enables bacteria to shift to a motile
301  planktonic state for biofilm re-establishment elsewhere [8,29,30]. These results agreed with a previous
302  study of M6 and M49 biofilms grown on abiotic plastic well surfaces of a 96 well plate-based system,
303  whereby biofilms had greater biomass at 72 h, and exhibited partial disintegration at 96 h with
304  authors attributing this to the age of the biofilm and nutrient limitation [8].

305 Finally, visual inspection of the GAS biofilms via SEM imaging found M1, M12, and M3 formed
306  biofilm atop the Detroit 562 pharyngeal cell monolayers. Cocci chains, typical of GAS, can be seen
307  arranged in three dimensional aggregated structures coated in EPS matrix for all three M-types.
308  Importantly, biofilms formed in this GAS-pharyngeal epithelial cell model appear similar to SEM
309  images captured of GAS biofilms found at the surface of tonsils removed from patients with recurrent
310  GAS tonsillo-pharyngitis [3].

311 Here we demonstrate an efficacious GAS biofilm-pharyngeal cell model that can support long-

312  term biofilm formation, with biofilms formed resembling those seen in vivo. This model has since
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313  been used for assessing the role of pharyngeal cell surface glycans in mediating GAS biofilm
314  formation [12]. Hence, the value of this model is that it can be used to explore a plethora of
315  interactions occurring at the GAS-host cell surface interface and the subsequent effects these

316 interactions exert on biofilm formation.
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