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ABSTRACT

Bacteria biofilm responses to disinfectants and antibiotics are quantified and observed using multiple methods, though microscopy, particularly confocal laser
scanning microscopy (CLSM) is preferred due to speed, a reduction in user error, and in situ analysis. CLSM can resolve biological and spatial heterogeneity of biofilms
in 3D with limited throughput. The microplate peg-lid-based assay, described in ASTM E2799-22, is a medium-throughput method for testing biofilms but does not
permit in situ imaging. Breaking off the peg, as recommended by the manufacturer, risks sample damage, and is limited to easily accessible pegs. Here we report
modifications to the peg optimized for in situ visualization and visualization of all pegs. We report similar antibiotic challenge recovery via colony formation
following the ASTM E2799-22 protocol and in situ imaging. We report novel quantifiable effects of antibiotics on biofilm morphologies, specifically biofilm streamers.

The new design bridges the MBEC® assays design that selects for biofilm phenotypes with in situ imaging needs.

1. Introduction

The world is headed towards an antibacterial resistance cliff, a point
where common medical procedures will risk deadly infections, expected
to occur between 2030 and 2050, with failure to address this crisis
estimated to cost over $1 trillion annually [1,2]. Bacteria primarily exist
in biofilms, grouped together in a matrix of polymers, sugars, proteins,
and extracellular DNA, which both reduce the efficacy of antibiotics and
enable increased antimicrobial resistance gene transfer [3,4]. While
there has been a promising shift in scientific focus from strategies tar-
geting planktonic bacteria to bacterial biofilms [5-10], standardized in
situ tools for imaging biofilms are still lacking [11].

Microfluidic assays to study bacterial biofilms are commonly used
but are limited in throughput and have been difficult to standardize
[11-13]. Microfluidic assays have allowed for facile visualization with
fluorescent microscopes enabling in situ understandings of biofilm
development and dispersal [11-13]. Microfluidic assays are easy to
produce and customize. ASTM International standardized methods for
biofilm research and other proposed biofilm research protocols are
notably repeatable, fast, and reliant on accessible supplies like coupons
and conical tubes or a combination [14]. Moreover, there are four ASTM
International-approved standardized devices for studying biofilms: the
CDC biofilm reactor [15,16], a drip flow reactor [17], a rotating disk
reactor [16], and the MBEC Assay® or similar peg lid microtiter plate
assays all with limited in situ microscopy access [15,18,19]. The MBEC
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Assay® is a 96-well plate lid with pegs that sit in the wells [20].

Microtiter biofilm assays can be used to quantify biofilm growth to
assess antibiotic or disinfectant susceptibility with many methods
including crystal violet staining, microscopy, or live cell counts [21]. For
example, Pseudomonas aeruginosa biofilm metabolic activity in the
presence of multiple antibiotic concentrations and combinations was
rapidly screened for in a high-throughput 384-well plate device using
automated, single focal plane microscopy and image analysis [22].
Protocols have recently been proposed to use confocal microscopy and
plate readers to analyze antibiotic susceptibility using medium
throughput 96-well plate in ~60 h and 4 -5 days respectively [23,24].
Finally, the Fluxion Bioflux device tries to merge the visualization ca-
pabilities of microfluidics with the speed of medium throughput devices
by introducing a microfluidic system between wells of a 24 or 96 well
plate platform, to varying degrees of success [25]. These studies, pro-
tocols, and devices highlight the application of in situ microscopy in
biofilm studies and its potential in microtiter assays.

Two limitations of the microtiter biofilm assay addressed by the
MBEC Assay® include high variation between wells [26] and settled
planktonic cells erroneously counted as biofilm [11,26,27]. The MBEC
Assay® produces similar biofilms across the 96 pegs [20,28] and re-
stricts biofilm bacteria to those cells actively attaching to or growing on
the pegs. The MBEC Assay® is used to establish biofilms and challenge
those biofilms with an antimicrobial or disinfectant [27] enabling
measurement of a minimum biofilm eradication concentration similar to
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a planktonic culture’s minimum inhibitory concentration.

However, the peg lid microtiter plate assay limits the ability to image
the biofilm in situ. The primary manufacturer of the peg lids and other
protocols suggest using pliers to break off pegs for imaging and other
tests [27,29,30] which is difficult to do without disrupting or contami-
nating the pegs demonstrated in SI Figure S1 [31]. The lack of in situ
optical access also significantly increases the time and materials neces-
sary to analyze the biofilms [23]. Furthermore, successful images of
biofilms formed on the MBEC Assay® are generally flat and lack com-
plex formations seen in other in situ assays such as microfluidic cells [30,
32,33]. To enable in situ imaging of complex biofilm features while
maintaining the through-put features of the original assay, we evaluated
multiple geometries for their capacity to be imaged under confocal
microscopy (see SI Figures S2, S5 — S11). We performed an early-stage
evaluation on one of the design geometries, a ziggurat inspired cone,
to determine if it could replicate the existing standardized protocol for
the MBEC® assay. This paper presents a geometry optimized for biofilm
imaging under confocal microscopy that maintains the throughput fea-
tures of the original assay while showing results that previously were
only accessible in microfluidic devices.

2. Results

We tested six redesigns (see SI Figure S2) of the geometry of a plate
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cap for a 24 well plate to image biofilms in situ using confocal scanning
fluorescence microscopy (see SI Figures S5 - S11). We tested the final
geometry, shown in Fig. 1 (A-C), against a modified version of original
protocol Fig. 1 (D). We performed in situ confocal scanning fluorescence
microscopy and gained additional quantitative information on the
impact of antibiotics on biofilm streamers.

2.1. Standardized methods

We evaluated the ziggurat peg-lid’s applicability to the relevant
ATSM standard, E2799-22, modified workflow Fig. 1 (D) [34]. The
modified peg plate lid could be handled in the same fashion as the
commercially available peg lid. The pegs were less rigidly attached to
the lid than the commercially available peg lid and could be broken off
easily for a biofilm growth check, although due to the ring of biofilm at
the air-medium interface typical of wild-type PA14 [35], this could also
be verified visually. Due to the design, it was also possible to image in
situ. After imaging, OD 600 and CFU counts were performed to verify no
loss of function between the peg plate optimized for imaging and the
commercially available peg lid, Fig. 2 (A-C). Using tetracycline as the
antibiotic challenge, observed 0 and 3-fold reduction in CFU on a per
area basis at 10 and 100 pg/mL. Relative to the area of the MBEC®
Assay, 46.63 mm? the area of this peg presents a 6.5 fold increase to
302.1 mm?. Using OD600, we observed a 0.02 and 0.03 mean reduction

Rinse pegs

— |

Incubate

|V |V |V |W|W|

Fig. 1. The final design of the modified peg plate. (A) Biofilm forms on the peg structure. (B) The peg lid is immersed in 1.5 mL media (represented in green). (C)
23 individual pegs are attached to the lid of a 24-well plate. One well does not contain a peg as a broth sterility check. (D) Workflow diagram that shows the
antibiotic challenge experimental process using the peg plate design. (For interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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Fig. 2. The raw data and mean difference versus no antibiotics are shown for 100 pg/mL tetracycline, 10 pg/mL tetracycline on an OD 600 basis on the (A)
MBEC® Assay, (B) the modified plate, and (C) on a CFU/mm? for PA14. (3 technical replicates, 2 biological replicates for CFU counts and 3 technical replicates, 6
(100 pg/mL tetracycline) and 8(10 pg/mL tetracycline and no antibiotic) biological replicates for OD600). (D) Equivalent biofilm test using OD 600 readings of
biofilm recovered in PBS by sonication from the ziggurat peg design. PA14 was grown on pegs in TSB for 24 h before recovery. Wells were categorized as “inside” or
“outside” according to the layout in Fig. 4 (B). The mean differences is plotted using bootstrap sampling distributions and 95 % confidence interval is indicated by the

ends of the vertical error bars using EstimationStats [38].

at 10 and 100 pg/mL respectively which is similar to what we saw with
the MBEC® Assay. These results agree with the literature on tetracycline
against P. aeruginosa PAO1 biofilms with a similar intermediate con-
centration (0 - 8 pg/mL tetracycline) and strain MTCC 2488 with lower
concentrations (0 and 2 pg/mL tetracycline) [36,37]. We performed an
equivalent growth test in TSB with the peg lids showing a negligible
mean difference between the inner and outer pegs, in Fig. 2 (D).

2.2. Microscopy results

The intent of this redesign is to optimize for in situ confocal imaging.
We applied two imaging techniques to evaluate this. The surface of the
bottom step of the ziggurat design was captured using a tile and z-stack
approach. The biomass formed on the edges of the peg and, in the “no
antibiotic” samples, could be thick enough to scatter the fluorescent
light emission [39]. This is known to leave imaging artifacts resembling
“holes” in the images observed in Fig. 3 (A) “No antibiotic” (see also, SI
Figure S12) [39]. The space between steps formed biofilm streamers, as
can be seen in Fig. 3 (B). The biofilms formed without antibiotics were
robust and thick while the streamers formed under low levels of tetra-
cycline were less frequent and thin. For example, in Fig. 3 (B), the
streamer produced by PA14 in the presence of 10 pg/mL has an

approximate midpoint diameter of 40.05 + 11.98 pm which was 12.96
% of the no antibiotic streamer at 309.09 + 10.43 pm. Similar to what
was shown by the CFU count and OD 600 measurements, biomass
(pmg/pmz) increased as antibiotic concentration decreased, although
there was a low sample size.

3. Discussion

This early-stage evaluation of a redesign of MBEC® assay was
motivated by the need to add in situ imaging capability to microtiter
assays of bacterial biofilms. While we considered six geometries, all but
one was rejected due to various troubleshooting issues (see SI Figures S2,
S3, S5 - S11). The final design was tested against the original protocol in
addition to in situ microscopy. The remaining design, the ziggurat, was
validated against an antibiotic challenge of P. aeruginosa PA14. This
alternative peg design was able to complete a modified ASTM 2799
protocol with the addition of CLSM. We not only found that we could
repeat the original protocol, but also that we could observe known
complex biofilm morphologies and quantify their response to antibiotic
challenges.

The ziggurat geometry provides more dynamic views of structures
than a flat surface. We observed biofilm streamers in Fig. 3 (B) for no
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Fig. 3. (A) Selected 3D tiles of the surface of the bottom step of the peg with an area of 8.042 mmz, green is the bacteria, red is the autofluorescent peg. (B) Selected
Z-stacks of the space between the bottom step and the second step. Streamers often formed in this area. (C) The surface biomass on the bottom step analyzed using
COMSTAT 2.1 was plotted using EstimationStats [38]. (D) The biomass on the second step of the ziggurat step analyzed using COMSTAT 2.1 was plotted using
EstimationStats [38]. (E) Shows the area imaged in (A) on the peg’s CAD model. (F) Shows the area imaged in (B) on the peg’s CAD model. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 4. (A) An example of a challenge plate layout. The layout contains 3 concentrations of antibiotic: 100 pg/mL tetracycline, 10 pg/mL tetracycline, and no
antibiotic. Two uninoculated controls are included the BC (broth control, no peg) and PC (peg control) checking for media and device sterility respectively. (B)
Layout of equivalent biofilm test plate. The blue highlighting indicates wells with TSB and PA14. P indicates the peg control well and B indicates the broth control
well. During analysis, pegs on the red line were considered the outside pegs and pegs on the green line were considered inside pegs. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

antibiotic and 10 pg/mL of antibiotic. Biofilm streamers were first re-
ported in situ by Stoodley and Lewandowski under turbulent flow con-
ditions [40]. Biofilm streamers are biofilms that are high-aspect ratio
aggerates attached to at least one surface extending into a flow field.
They are best measured using in situ microscopy methods and can also be
quantified using pressure transducers as they produce oscillatory
changes in pressure [40]. Biofilm streamers have since been replicated
under laminar flow conditions [41,42], implicated in pressure loss in
mechanical systems [43] clogging of porous media, blood vessels, and
heart valves [44,45]. Effects of antibiotics on dispersion and clogging
have been measured, showing limited effect, however effects on the
structure and thickness of the streamer itself were not reported [44].
Model systems for studying streamers have been micro or millifluidic
devices that could be mounted onto microscopes as most studies
consider streamers as functions of the fluid interaction with obstructing
geometries [43]. Specifically, biofilm streamers have been noted to form
on secondary vortices where biofilms form on free surfaces [41,42,44].
Here we observed a quantifiable reduction in thickness under antibiotic
challenge. While the 24-well plate is in laminar flow at 100 rpm [46], it
is reasonable, but remains to be shown if there are secondary vortices
forming at the right-angle of the two steps where the streamer formed.
Since bulk material strength is proportional to material thickness, the
ability to observe this weakening is useful information gained by in situ
microscopy. These streamers have not been described in work utilizing
the MBEC® system or microtiter assays, though it may be reasonable to
assume that streamers could form between the apex of the peg and well
if imaged in situ [30,33]. As has been the case in other in situ imaging
studies of microtiter plates, imaging and biomass computation takes
excessive time, which may limit usefulness of this and other imple-
mentations of imaging microtiter assays [23,24]. Subsequently, we did
not repeat the biomass measurements enough to report statistical
significance.

Selection of peg materials impacted sterilization and imaging qual-
ity. For a reusable device, the material must be resistant to UV and
chemicals used in cleaning such as sodium hypochlorite and isopropyl
alcohol which eliminates some resins used in stereolithography. For
high image quality, the material must also be minimally auto-
fluorescence to prevent complications during biofilm quantification.
The material selection is further described in the supplemental infor-
mation. With the advent of additive manufacturing, other 3D printers
could leverage other plastics, glass, metals, and/or 3D bioprinters could
produce biological materials to perform similar studies.

The ziggurat peg design compared to microtiter and the MBEC®
assay. Relative to the MBEC® assay, microscopy can be performed in situ
allowing image collection from multiple pegs without reducing the
number of samples for the OD 600 and CFU count. Furthermore, the
imaged pegs are not limited to the outer edges of the plate as in the

MBEC® assay [27,29]. Additionally, relative to the MBEC® assay, the
pegs did not need to be extensively handled, which reduced the risk of
contamination or disruption of the biofilm. The ziggurat peg design
compared to the microplate assay has a longer working distance.
However, the outer wells of microtiter plates are known to suffer from
“edge effects” as a result of uneven evaporation and temperature dis-
tributions, so imaging and other results from the interior is preferred
[47]. Furthermore, the ziggurat peg design allows for biofilm mor-
phologies to be imaged including streamers.

The MBEC® assay was an improvement of the microtiter plate assay
recognizing that studies of bacterial biofilm growth and disruption
required a high-throughput assay collecting more representative data.
However, the MBEC® assay reduced the capability for in situ imaging
that has also become a feature of microtiter assays and biofilm studies.
Here we report a ziggurat peg design that maintains existing MBEC®
protocols while adding in situ CLSM imaging. The ziggurat geometry also
allowed for the formation of biofilm streamers that opens possibilities
for medium-throughput screening of biofilm fluid-structure antibiotic
interactions. While we have only examined the device at a single time
point to show the fidelity with existing protocols, the ziggurat peg
design enables in situ observations of dynamic biofilm responses to an-
tibiotics. Furthermore, it could enable examination biofilm streamer
response to the addition of antimicrobials or changes in nutrients. This
design merges the successful features of the microtiter plate assay and
the MBEC® assay to build an easy-to-implement and flexible assay for
examining biofilms.

4. Materials and methods
4.1. Peg-lid production

Six distinct modified pegs geometries (SI Figure S2) were designed
using Autodesk Fusion 360 and 3D printed with Durable Resin (For-
mlabs, USA), for the initial designs, or Tough 1500 Resin (Formlabs,
USA), for the final design. 3D printing was performed using a Formlabs
Form 2 low-force stereolithography 3D printer (see discussion in SI on
resin choice). Prior to use, pegs were soaked in 1-2% solution of Cit-
ranox detergent (VWR International, USA), rinsed with deionized water,
and air dried. Pegs were fixed to a sterile 24-well plate lid using a small
drop of clear nitrocellulose nail varnish and sterilized with a UV lamp.
After use, pegs were soaked in a 0.5-0.7 % solution of sodium hypo-
chlorite, removed from the plate lid, vortexed in acetone to remove
remaining nail varnish, and cleaned for reuse.

4.2. Bacterial strain and growth condition

Experiments were conducted using Pseudomonas aeruginosa PA14
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which constitutively expressed GFP [48]. Cultures were grown over-
night in tryptic soy broth (VWR International, USA) at 37 °C and 150
rpm. 10 pL of the overnight culture was used to inoculate 50 mL of fresh
TSB. The growth plate (24 well, VWR International, USA) was prepared
by dispensing 8 mL of broth per well, adding the peg lid, and incubating
for 24 h at 37 °C and 100 rpm. The antibiotic challenge plate was pre-
pared (layout in Fig. 4 (A)) and the peg lid was transferred from the
growth plate and incubated for 24 h at 37 °C and 100 rpm [49,50].

Transfers between media and rinse plates were accomplished by
lifting the peg lid, allowing excess liquid to drip off, and gently placing
the lid in the new plate. Before imaging, the peg lid was rinsed in sterile
deionized water and placed in phosphate-buffered saline (PBS). One of
the challenges with microtiter assays is uniform growth across wells,
potentially due to uneven heat transfer and evaporation rates. We per-
formed an equivalent growth test in TSB with the peg lids, layout in
Fig. 4 (B). We did not test the efficacy of removal from the surface by
sonication, however the resultant OD600 readings for P. aeruginosa be-
tween this and the MBEC® assay were similar.

ASTM standard 2799-22 was followed with five deviations to fit the
experiment and modified design. The first deviation was that serial di-
lutions of the inoculum were not performed. The second deviation was
that a biofilm growth check was not performed. The third deviation was
that the challenge plate layout was altered to fit a 24-well plate. The
fourth deviation was that the biofilm growth time was increased from
16-18 h to 24 h prior to the antibiotic challenge. The final deviation was
the peg lid was transferred into a recovery plate for neutralization by
dilution as opposed to neutralizer since antibiotics were being tested
[27].

4.3. Standardized methods

After imaging, the peg lid suspended in PBS was sonicated on high
for 30 + 5 min using a Branson ultrasonic bath (Branson Ultrasonics,
USA). The peg lid was removed and replaced with a standard lid before
taking an OD 600 reading of PBS recovery plate using a SpectraMax i3x
plate reader (Molecular Devices, USA). A serial dilution was then per-
formed on a selected row and spot-plated onto TSA for enumeration of
CFU attached to the peg. A simplified workflow diagram of the described
procedure is shown in Fig. 1 (D).

4.4. Microscopy methods

Pegs were imaged in PBS with an inverted Zeiss LSM 900 (Zeiss,
Germany) using a 488 nm laser for excitation and detection wavelengths
of 410-546 nm (green) for GFP and 590-700 nm (red) for identifying
autofluorescence. Imaging was conducted using a 10X objective to
compensate for the increased working distance. Images were taken by
stitching square tiles (585 x 585 pm, 469 x 469 pixels) of the peg surface
with or without Z-stacks (See SI Figure S4). The steps on the ziggurat, the
final design selected, were also imaged using Z-stacks. Biomass quanti-
fication of antibiotic plate images was performed using Comstat2 v2.1 as
an ImageJ plugin [51-54].

4.5. Statistical methods

Estimation statistics were used to quantify the magnitude of the ef-
fect of each concentration of antibiotic challenge relative to the no
antibiotic control. CFU counts were all performed using 2 wells per
condition and 3 replicate plates per well. OD 600 readings were per-
formed using all wells per condition with 3 replicates per well. Biomass
quantification was performed using available confocal images. All data
is presented and analyzed using a Cummings estimation plot produced
using EstimationStats [38]. This displays both the raw data (upper axis)
and the mean difference for 2 comparisons against the shared control
(lower axis) plotted as bootstrap sampling distributions with the ends of
the vertical error bars indicating a 95 % confidence interval. When the
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sample size was too low (specifically the analyzed images, see Fig. 3),
mean difference was not included.
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