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Assessment and Optimizations of
Candida albicans In Vitro Biofilm Assays

Matthew B. Lohse,a,b Megha Gulati,c Ashley Valle Arevalo,c,d Adam Fishburn,c

Alexander D. Johnson,a,e Clarissa J. Nobilec

Department of Microbiology and Immunology, University of California, San Francisco, San Francisco, California,
USAa; Department of Biology, BioSynesis, Inc., San Francisco, California, USAb; Department of Molecular and
Cell Biology, School of Natural Sciences, University of California, Merced, Merced, California, USAc; Quantitative
and Systems Biology Graduate Program, University of California, Merced, Merced, California, USAd; Department
of Biochemistry and Biophysics, University of California, San Francisco, San Francisco, California, USAe

ABSTRACT Candida albicans biofilms have a significant medical impact due to their
rapid growth on implanted medical devices, their resistance to antifungal drugs, and
their ability to seed disseminated infections. Biofilm assays performed in vitro allow
for rapid, high-throughput screening of gene deletion libraries or antifungal com-
pounds and typically serve as precursors to in vivo studies. Here, we compile and
discuss the protocols for several recently published C. albicans in vitro biofilm assays.
We also describe improved versions of these protocols as well as novel in vitro as-
says. Finally, we consider some of the advantages and disadvantages of these differ-
ent types of assays.

KEYWORDS Candida albicans, in vitro biofilm assays, biofilm methods, biofilm
protocols, biofilm screens, biofilm

Candida albicans is a normal part of the human microbiota, but it is also one of only
a few fungal species that can cause disease in humans. An important virulence

attribute of C. albicans is its ability to form biofilms, highly structured communities of
cells bound tightly to a surface. In humans, the surface is typically a mucosal or
epithelial cell lining, a parenchymal organ, or an implanted medical device, such as a
catheter, pacemaker, heart valve, joint prosthesis, or denture. Once formed, these
biofilms are resistant to antifungal drugs and also serve as reservoirs that can seed
disseminated (nonbiofilm) infections. On the basis of a series of in vitro and in vivo
studies, C. albicans biofilm development has been divided into four stages: (i) adher-
ence to a surface, (ii) proliferation on the surface, (iii) maturation into a complex biofilm,
and (iv) dispersion of cells from the biofilm to seed new niches (for reviews, see
references 1–5).

The past decade has seen the development of several in vivo animal models for
studying C. albicans biofilms (6–12). However, in vitro biofilm assays are also critical, as
they allow for rapid, high-throughput screening of large deletion libraries and antifun-
gal compounds. They are more ethical and cost-effective than screens carried out
directly in an animal model. For example, in vitro assays have been used to screen large
mutant libraries to identify the genes required for biofilm formation. The findings from
these assays were then verified using in vivo models (13–21). Likewise, in vitro assays
have been used as the initial step to identify compounds that inhibit and/or disrupt
biofilm formation before the compounds are tested for toxicity in cell culture and in
in vivo models (22–25). Although there are variations in methodology among the
different in vitro biofilm assays, at the most basic level they all involve similar steps:
initial adherence of cells to a surface coupled with washing to remove nonadhered or
weakly adhered cells, followed by a growth step that can vary in length depending on
the assay.
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Some in vitro biofilm assays directly observe biofilms under a microscope, while
others use dry weight or optical density (OD) as proxies. For example, a confocal
scanning laser microscopy (CSLM) assay examines the architecture of a fluorescently
dyed biofilm (or at least that of the parts of the biofilm that the dye can penetrate) (13,
14), and a dry weight (biomass) assay (13, 15, 16, 26) measures the mass of the biofilm.
Other assays infer biofilm formation on the basis of measurements of cell viability
{e.g., metabolic reduction of the tetrazolium salt reagent 2,3-bis(2-methoxy-4-nitro-
5-sulfophenyl)-5-[(phenylamino)carbonyl]-2H-tetrazolium hydroxide (XTT) (27, 28) or
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) (29, 30)} or by
the uptake of dyes or stains (e.g., crystal violet incorporation into the biofilm [31]).
Specialized assays have also been developed to examine specific stages of biofilm
development; for example, the number of cells dispersed from an established biofilm
can be monitored by CFU counts, hemocytometer counts, and/or optical density
measurements (32, 33). Other specialized assays examine factors like growth in a
microfluidic chamber (18, 34, 35), active attachment to a surface other than the bottom
of a polystyrene plate (34), or the ability of drugs to penetrate into an established
biofilm (36).

Although the use of many assays simultaneously would provide the most compre-
hensive analysis, time limits and financial considerations typically mean that a subset
of assays is employed in a given study. The decision to utilize a particular assay is
also dependent on the availability of the specific instrumentation needed, such as
a confocal microscope for biofilm visualization by CSLM or a flow apparatus for the
assessment of biofilm formation in real time. Even when such equipment is available,
limits on available time and/or the nature of the experimental setup may impose
constraints on the number of conditions that can be evaluated. Another concern is that
many assays do not provide information about specific temporal stages of biofilm
development or about the resiliency of the biofilm to mechanical disruption. Even
differences in the plate format (i.e., 6-, 12-, 24-, 48-, 96-, or 384-well plates) can have an
effect. For example, the dry weight and CSLM assays are generally performed in
low-density (6-, 12-, or 24-well) formats to provide sufficient material; however, com-
pound testing is often performed in 96- or 384-well plates. The processing of samples
for the dry weight and CSLM assays also takes significant time, further reducing the
throughput. Some assays involve manipulations of the biofilm, such as washing of the
biofilm and addition of a dye, which can result in inadvertent disruptions of the biofilm,
thereby confounding the results. Both the careful manipulations needed to reduce this
possibility and the larger numbers of replicates used to compensate for any physical
disruption that does happen add to the time required for the processing of each
sample and reduction of the throughput. The dynamic range of assays can also be an
issue; the dry weight assay, for example, is not ideal for detecting enhancements in
biofilm formation, as the assay is often saturating. Assays can also introduce biases
related to the physical properties of biofilms, such as the failure of a reagent or a dye
to penetrate the full depth of the biofilm. Likewise, an assay relying on metabolically
active cells (e.g., the XTT reduction assay) may overlook the population of metabolically
inactive persister cells commonly found in mature biofilms (37–39). It is also important
to note that most in vitro biofilm assays are single-endpoint assays, requiring additional
replicates to monitor the biofilm over the course of its development.

Recently, we reported on four in vitro assays that, together, address some of the
issues discussed above. First, we established an assay based on the OD at 600 nm
(OD600) to rapidly screen large numbers of conditions and to track the same condition
over multiple time points (17, 33, 35). Second, we also developed a new assay to
quantitatively determine the number of cells adhering to a surface in the first stage of
biofilm development (35). We refer to this assay as the cell adhesion assay. Third, we
developed two types of assays (called the standard dispersal assay and the sustained
dispersal assay) to quantify cell dispersion at different stages of biofilm development,
using only a standard plate reader for analysis (33). Finally, we developed an assay to
observe biofilm formation under linear flow in a microfluidic device where adherence
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and cellular morphology can be visually and temporally tracked using time-lapse
microscopy throughout the process of biofilm development (35). We refer to this assay
as the microfluidic assay. Here, we compile detailed protocols for each of these assays
and discuss their advantages and disadvantages.

RESULTS AND DISCUSSION
Optical density assays. We performed 384-well standard optical density assays for

four deletion strains (strains with the efg1, bcr1, als1, and sap6 deletions) that had
previously been reported to have various but significant defects in biofilm formation
(Fig. 1A) (13, 15, 35, 40). Three of the mutants (the efg1, bcr1, and sap6 mutants) differed
significantly from the isogenic wild-type strain under both medium conditions tested
(RPMI medium and Spider medium). The fourth mutant (the als1 mutant), in which a
more minor biofilm defect was reported in the literature (15, 40), differed significantly
from the isogenic wild-type strain under one medium condition (Spider medium) but
not under the other (RPMI medium). RPMI medium is more supportive of biofilm
formation, resulting in biofilms that are, on average, three times thicker than those
grown in Spider medium (Fig. 1B). As a result, the effects of the various mutations are
generally more pronounced in Spider medium, and we recommend the use of that
medium when looking for more subtle effects.

We performed 384-well optical density inhibition assays for biofilms exposed to
antifungal drugs. We used caspofungin and amphotericin B for our assays, as both
drugs are known to be effective in preventing biofilm formation. We tested both drugs
in the three different inhibition assays; caspofungin (Fig. 2) or amphotericin B (see
Fig. S1 in the supplemental material) was added during the 90-min adherence step
(adherence inhibition and sustained inhibition assays; panels A and C, respectively, in
Fig. 2 and S1) and/or the 24-h growth step (developmental inhibition and sustained
inhibition assays; panels B and C, respectively, in Fig. 2 and S1). Both drugs inhibited
biofilm formation in each of the three inhibition assay formats. We note, however, that
the concentration required for a statistically significant effect (Student’s unpaired t test
assuming unequal variance, P � 0.001) or a 50% reduction in biofilm formation (MIC50)
in the sustained inhibition assay was sometimes 2- to 4-fold less than the concentration
required for similar effects in the other two formats. This is not surprising, as the drug
is present during cell adherence as well as biofilm development in the sustained
inhibition assay. We also performed 384-well optical density disruption assays for

FIG 1 In vitro standard optical density assay for biofilm formation in Spider medium and RPMI medium in 384-well microplates
after 24 h. (A) The four indicated deletion strains and an isogenic wild-type control strain (SNY250) were adhered to a
polystyrene plate for 90 min, unadhered cells were removed, and the remaining cells were allowed to form biofilms for 24 h
at 37°C in either Spider or RPMI medium. Biofilm formation was quantified by measuring the OD600 of cells that adhered to
the bottom of the well after 24 h. Data are the blank-subtracted mean for eight wells per condition normalized to the average
for the wild-type strain in the same medium. Error bars represent standard deviations. ** and *, strains that differ from the
wild-type strain with significance with P values of �0.001 and �0.01, respectively (Student’s unpaired t test assuming unequal
variance). (B) Blank-subtracted, unnormalized OD600 measurements of wild-type biofilms grown for 24 h at 37°C in either Spider
or RPMI medium. Data are the means for eight wells per condition, and error bars represent standard deviations. *, strains that
differ from the wild-type strain in RPMI medium with significance with a P value of �0.001 (Student’s unpaired t test assuming
unequal variance).
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mature biofilms (24 h) exposed to caspofungin (Fig. 3) or amphotericin B (Fig. S2) for
24 h. Both drugs had effects on the biofilm density, although neither drug resulted in
a 50% reduction in biofilm density at any of the concentrations tested, and the
magnitude of the effect was less than that seen in any of the inhibition assays. Due
to the low standard deviation within all of the optical density assays and the use of
eight wells per condition, we could detect statistically significant differences of OD
values of ��20% compared to those for the isogenic wild type.

Cell adhesion assay. We performed the 96-well version of the cell adhesion assay
with a strain that had previously been reported to have a defect in this assay (a sap5
sap6 double mutant) (35), a second strain that had a biofilm defect in the standard
optical density assay (a bcr1 mutant) (17), and a third strain that had a biofilm defect
in vivo in the rat catheter model but that was not previously tested in this assay (an als1
als3 double mutant) (Fig. 4) (40). All three mutant strains exhibited significantly reduced
numbers of cells (measured from the CFU counts) adhering to the well compared to the
isogenic wild-type strain. In the case of the bcr1 mutant strain, the magnitude of the
effect observed in this assay (a greater than 90% reduction) was greater than that
observed in the standard optical density assay after 24 h of growth (an �50%
reduction; Fig. 1A) or after 90 min of adherence (also an �50% reduction [17]). As such,
the cell adhesion assay may be useful for illuminating more subtle biofilm defects

FIG 2 Effects of caspofungin on in vitro biofilm formation in three versions of the optical density inhibition assay. A standard wild-type strain (SNY425) was
exposed to the indicated concentrations of caspofungin or an equivalent volume of water (control) in the adherence inhibition (A), developmental inhibition
(B), and sustained inhibition (C) assays. Biofilm formation was quantified by measuring the OD600 of cells adhered to the bottom of the well after 24 h. Data
are the blank-subtracted means for eight wells per condition normalized to the average for the water control of the same concentration. Error bars represent
standard deviations. *, conditions that differ significantly from the control condition with a P value of �0.001 (Student’s unpaired t test assuming unequal
variance).

FIG 3 Effects of caspofungin on established biofilms in the optical density disruption assay. Established
24-h biofilms of a standard wild-type strain (SNY425) were exposed to the indicated concentrations of
caspofungin or an equivalent volume of water (control) for 24 h. Biofilm disruption was quantified by
measuring the OD600 of cells that adhered to the bottom of the well at the end of the 24-h exposure
period. Data are the blank-subtracted mean for eight wells per condition normalized to the average for
the water control of the same concentration. Error bars represent standard deviations. *, conditions that
differ significantly from the control condition with a P value of �0.001 (Student’s unpaired t test
assuming unequal variance).

Lohse et al. Antimicrobial Agents and Chemotherapy

May 2017 Volume 61 Issue 5 e02749-16 aac.asm.org 4

http://aac.asm.org


occurring early in the process that might otherwise be overlooked in other assays for
biofilm formation, meriting its use, despite the reduced throughput relative to that of
the standard optical density assay.

Dispersal assays. We performed both the standard and sustained dispersal assays
in a 96-well format with a strain previously reported to have a dispersal defect (an nrg1
mutant strain) (32). Our results show that, as expected, deletion of NRG1 results in a
significant reduction in the dispersal of cells from biofilms in both the standard (Fig. 5A)
and sustained (Fig. 5B) dispersal assays throughout the biofilm life cycle, regardless of
nutrient availability.

Microfluidic assay. We performed the microfluidic assay with a wild-type strain
under two medium conditions (with RPMI medium and the traditional Spider medium),
the same wild-type strain in the presence of the antifungal drug amphotericin B (16

FIG 4 In vitro cell adhesion assay. Three deletion strains and an isogenic wild-type control strain (SNY250)
were allowed to adhere for 90 min in 96-well plates, and the wells were washed twice with PBS to remove
loosely attached cells, following which the remaining cells were vigorously resuspended in water, serially
diluted, plated on YPD plates, and grown for 2 days at 30°C before quantification on the basis of CFU
counts. Data are the means for 12 wells per strain, and error bars represent standard deviations. *, strains
that differ significantly from the control strain with a P value of �0.001 (Student’s unpaired t test
assuming unequal variance).

FIG 5 Deletion of NRG1 results in the reduced dispersal of cells from biofilms in the standard and sustained dispersal assays. The
normalized OD600s of medium removed from wells after 24, 48, and 60 h are indicated for isogenic wild-type strain SNY250 and the nrg1
strain in the standard (A) and sustained (B) dispersal assays. Data are the means for six wells per strain, and error bars represent standard
deviations. Dispersion data for each well are normalized on the basis of the OD600 of the biofilm in that well at that time point. *, strains
that differ significantly from the control strain with a P value of �0.001 (Student’s unpaired t test assuming unequal variance).
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�g/ml), and two strains previously reported to have defects in biofilm formation (bcr1
and efg1 mutant strains) (Fig. 6 and Videos S1 to S5) (13, 14, 17). Both of the biofilms
formed by the wild-type strain in Spider medium and RPMI medium are dense;
however, performance of the assay in RPMI medium results in more cells adhering to
the surface and both thicker and faster biofilm formation, as the field of view is
completely covered within 10 h. The inclusion of amphotericin B (16 �g/ml) during
both the adherence and growth steps had a pronounced effect on adherence, as cells
frequently detached from the surface. The inclusion of amphotericin B also resulted in
highly reduced hyphal growth and extracellular matrix formation, as the majority of
cells were still in the yeast form after 12 h.

In Spider medium, both the bcr1 and efg1 deletion strains showed reduced biofilm
formation compared to the isogenic wild type; the biofilms of the bcr1 and efg1 strains
remained sparse even after 12 h of biofilm development. We observed that the bcr1
yeast cells did not readily adhere to the surface and could be seen to drift away in the
direction of medium flow, while the few adhered bcr1 yeast cells were less developed
and formed shorter hyphae than the wild-type strain (Video S4). Unlike the bcr1 yeast
cells, the efg1 yeast cells showed only slight defects in adherence and hyphal growth,
despite the reduced biofilm formation of the bcr1 mutant relative to the wild type
(Video S3). This suggests that the bcr1 mutant has a cell adhesion defect, which is
consistent with our findings in the cell adhesion assay (Fig. 4).

Concluding remarks. There are a wide range of in vitro assays for the formation of
C. albicans biofilms (see Table 1 for a summary), including several not addressed here
(e.g., incorporation of 3H-labeled leucine into proteins [26] and the �-1,3 glucan biofilm
matrix assay [41, 42]). Even with the more recently developed assays, we still cannot
accurately assess certain aspects of biofilm development, especially in a high-
throughput manner. Among the underserved areas, we note the need for a matrix
assay that detects the �-mannan and/or �-1,6 glucan polysaccharides, which comprise

FIG 6 Deletion of either BCR1 or EFG1 or exposure to amphotericin B results in biofilm formation defects in the microfluidic assay. The images show the
time-dependent visualization of biofilm formation in RPMI medium (column 1), Spider medium (columns 2 to 4), or Spider medium supplemented with 16
�g/ml amphotericin B (column 5) under dynamic flow (0.5 dyne/cm2) at 37°C for 12 h postadherence in a BioFlux 1000Z microfluidic flow device. Representative
images at times (t) of 0 h (after adherence and an initial wash), 2 h, 6 h, and 12 h (top to bottom) are shown for isogenic wild-type strain SNY250 (columns
1, 2, and 5), an efg1 strain (column 3), and a bcr1 strain (column 4). Bars, 50 �m. Corresponding time-lapse videos of biofilm formation are provided in Videos
S1 to S5.
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99% of the carbohydrates in the matrix, rather than the relatively minor �-1,3 glucan
component (which comprises �1%) detected by the existing assay (43).

Based on our experience with existing in vitro biofilm assays, we strongly recom-
mend the optical density assays as an initial screening step for large screens of either
mutant libraries or chemical compounds. This recommendation is based on the high
throughput and reduced number of processing steps. The cell adhesion, standard
dispersal, and sustained dispersal assays offer relatively high-throughput methods for
examining specific stages of biofilm development that are not directly apparent from
other assays. Most of the assays described here require minimal equipment (a standard
plate reader and one or more shaking incubators). The exception is the microfluidic
assay, which requires a significant investment (a BioFlux 1000Z microfluidic flow device
or equivalent); however, the amount of information that it generates, coupled with its
predictive ability for in vivo studies, make it the choice (along with CSLM) for following
up leads that were generated using the simpler assays.

MATERIALS AND METHODS
Media, reagents, and specialized equipment used. All phosphate-buffered saline (PBS) solutions

used in these assays lack calcium and magnesium salts (Dulbecco’s PBS, calcium, and magnesium free)
and were filter sterilized. Although other media, temperatures, and incubation times can be used for each
of the assays described below, the assays were optimized using the media, temperatures, and incubation
times indicated below. The cell adhesion assay used RPMI-1640 medium (with L-glutamine, without
sodium bicarbonate; catalog number 091060120; MP Biomedicals) supplemented with 34.5 g/liter MOPS
(morpholinepropanesulfonic acid; catalog number M3183; Sigma) and adjusted to pH 7.0 using NaOH.
The solutions were filter sterilized using a 0.22-�m-pore-size filter and stored at 4°C in the dark pending
use. The microfluidic and dispersal (standard dispersal and sustained dispersal) assays used Spider
medium (10 g/liter nutrient broth [Difco], 10 g/liter mannitol, 4 g/liter K2HPO4, pH 7.2). The optical
density assays (standard, adherence inhibition, developmental inhibition, sustained inhibition, and
disruption assays) used either RPMI-1640 or Spider medium.

Biofilms were grown under a fixed temperature and shaking conditions using Elmi incubators (Elmi,
Ltd., Riga, Latvia); one Elmi incubator can accommodate four plates. Other incubators with equivalent
capabilities (e.g., 37°C, 200 to 350 rpm) can also be used. Assays in the 384-well format require specialized
multichannel pipettes and pipette tips (Capp) and assay plates that may not be standard laboratory
equipment. Deep-well 384-well plates (catalog number P-384-240SQ-C-S; Axygen) can be helpful for
prealiquoting solutions into a 384-well format for these assays. The microfluidic assay requires specialized
equipment (a BioFlux 1000Z workstation [Fluxion Biosciences]) and plates (BioFlux 48-well low-shear
plates [Fluxion Biosciences]). Optical density measurements were made on plate readers with absorbance
capabilities (A600) compatible with the 96- and 384-well-plate formats (e.g., a Tecan Infinite M1000 Pro
plate reader [Tecan Systems] or a BioTek Epoch 2 plate reader [BioTek Instruments]). Neither fluorescence nor
luminescence plate reader capabilities are needed for the assays described below. We note that the area
measured by a plate reader may differ from instrument to instrument, and we recommend taking at least five
reads from independent locations in each well when working in 96-well formats and taking one read from the
center of the well in 384-well formats. For plate readers that measure areas significantly smaller than the wells
on a 384-well plate, such as the Tecan Infinite M1000 Pro plate reader, we recommend taking the average of
five reads from independent locations in each well, as is done in the 96-well format.

The 96- and 384-well standard optical density biofilm formation assays. The 96- and 384-well
optical density assays are derivatives of the previously reported 96-well protocols (17, 33). These assays
use flat-bottomed, non-tissue culture-treated 96-well (catalog number 351172; BD Falcon) or 384-well
(catalog number 242765; Thermo) plates. For the standard optical density assay, normally used to
evaluate biofilm formation by gene deletion mutants, strains are grown at 30°C on YPD (2% Bacto
peptone, 2% dextrose, 1% yeast extract) agar plates for 48 h. Overnight cultures are grown overnight in
YPD at 30°C either on a roller drum or on a shaker at 250 rpm for 12 to 15 h, cell density is determined
in the morning, and cells are added to the wells for a final OD600 of 0.5 (equivalent to �1 � 107 cells)
in 200 �l (for 96-well-plate assays) or 1 �l of an overnight culture in 90 �l (which gives a final OD600 of
0.15, equivalent to �2 � 106 cells) (for 384-well-plate assays) of RPMI or Spider medium. The plates are
then sealed with Breathe-Easy sealing membranes (Diversified Biotech) to reduce evaporation and to
prevent cross-contamination between wells. Plates are shaken at 37°C for 90 min at 250 rpm (96-well
format) or 350 rpm (384-well format) in an Elmi incubator (Elmi, Ltd., Riga, Latvia), after which the
medium is aspirated and the wells are washed with 200 �l (96-well format) or 50 �l (384-well format) 1�
PBS, followed by the addition of 200 �l (96-well format) or 90 �l (384-well format) fresh medium. The
plates are then resealed and shaken at 37°C for 24 h at 250 rpm (96-well format) or 350 rpm (384-well
format) in an Elmi incubator. After 24 h, medium is aspirated from the wells and the optical density (600
nm) is read on a Tecan Infinite M1000 Pro plate reader (Tecan Systems), a BioTek Epoch 2 plate reader
(BioTek), or an equivalent standard plate reader. The average density of the reads at five independent
locations in each well in a 96-well plate or one read from the center of a 384-well plate is used.
Occasionally, an entire well’s biofilm will detach during the aspiration step; such outlier wells are noted
and excluded from analyses. We note that readings can be taken at time points other than 24 h with this
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assay (e.g., after the washes following the adherence step or at the 48-h time point). Both RPMI medium
and Spider medium can be used in this assay; RPMI medium normally results in thicker biofilms but can
obscure subtle effects more apparent in Spider medium.

For all versions of the optical density assay, data are normalized as follows. The OD600 reading of an
average blank well is subtracted from the reading of each experimental and control well. The blank-
subtracted OD600 value of each experimental or control well (normally, eight per condition in the
384-well format and six per condition in the 96-well format) is then normalized to the mean blank-
subtracted OD600 for the relevant control wells. The standard deviation of each set is then calculated for
the normalized data sets, and statistical analyses (normally Student’s unpaired two-tailed t test assuming
unequal variance) are performed.

Inhibition and disruption optical density biofilm formation assays. The inhibition and disruption
optical density assays are used for screening antifungal compounds. The 96- and 384-well adherence
inhibition, developmental inhibition, and sustained inhibition assays are variations on the standard
optical density assay where solutions containing antifungal agents are included during the 90-min
adherence step (adherence inhibition and sustained inhibition assays) and/or the 24-h growth step
(developmental inhibition and sustained inhibition assays). Different compounds may have different
effects in the three inhibition assays; thus, we recommend that all three versions of the assay be
performed when practical. If it is feasible to perform only one version of the inhibition assays, we
recommend that the sustained inhibition assay be chosen, as it is the most likely to detect an effect.

The 96- and 384-well disruption assays follow the standard optical density assay protocol until the
end of the 24-h growth step. At this point, medium is aspirated from the wells (generally in groups of
6 to 12 wells) and 200 �l (96-well format) or 90 �l (384-well format) of medium containing the compound
of interest is added to the well. Extreme caution should be taken to avoid touching or otherwise
physically disrupting the biofilm during the aspiration or the addition of medium. Fresh medium should
be slowly added to the side of the well opposite the side from which medium was aspirated. Medium
should be aspirated from and added back to one group of 6 to 12 wells before proceeding to the next
group in order to avoid exposing biofilms to air and/or desiccation for extended periods of time. After
the disruption step, the plate is resealed and allowed to incubate at 37°C for an additional 24 h at 250
rpm (96-well format) or 350 rpm (384-well format) in an Elmi incubator. After the 24-h postdisruption
growth step, medium is aspirated from the wells and the optical density (600 nm) is read as described
above for the standard optical density assay protocol.

In general, the 384-well format allows for the screening of more conditions per plate (approximately
45 to 48 for the 384-well format versus 15 to 16 for the 96-well format) in a smaller total volume (720
�l versus 1,200 �l per step), and we prefer it for most screens. The physical (as opposed to chemical)
disruption of biofilms occurs much less frequently in the 384-well format than the 96-well format, and
as such, we recommend the former approach whenever possible for the disruption assay. We do note,
however, that the 96-well format may be preferable in cases where the viscosity of a compound in
solution is a consideration. Since a single strain is typically used in the 384-well inhibition or disruption
version of the optical density assay, the density of the overnight culture is not determined, and instead,
1 �l of a 12-h overnight culture (approximately 2 � 106 cells) is added to 90 �l medium in each well. We
normally use RPMI medium rather than Spider medium for the inhibition and disruption assays.

Advantages and disadvantages of inhibition and disruption optical density biofilm formation
assays. The standard optical density assay and its inhibition and disruption variants can be used for the
low-volume, high-throughput screening of chemical compound and gene deletion libraries, with more
than 40 conditions being able to be evaluated per plate in the 384-well format. It does not require the
final washing and dye addition steps of the XTT assay, reducing processing time and costs while avoiding
potential complications due to physical disruption of the biofilms. Optical density is also a direct, physical
biofilm measurement and thus avoids concerns about incomplete reagent penetrance or concerns about
missing the detection of metabolically inactive cells. Since the measurement step does not require the
addition of any reagents, the optical density assay can theoretically be combined with the XTT or crystal
violet assay by recording the OD600 before processing of the wells for those assays. This assay remains
an endpoint assay due to the removal of medium prior to recording of the OD600; as such, each well can
be used for only one time point and time course experiments require multiple samples. This assay does
require a plate reader with 96- and/or 384-well capabilities; however, relatively basic plate readers are
capable of filling this role. As this assay provides a direct biofilm measurement rather than a measure-
ment of some proxy for cell viability, we note the theoretical possibility that it could miss the effect of
a compound that kills cells in the disruption assay but does not result in the disruption of the biofilm.
This assay also does not detect biofilms that might have a structure different from that of normal
biofilms, as long as it has the same OD600.

Cell adhesion assay. The cell adhesion assay is based on the protocol initially reported by Winter
and colleagues (35) and mimics the adherence step of a 96-well biofilm assay (e.g., the standard optical
density assay). Cells are allowed to adhere under standard biofilm-forming conditions (OD600 � 0.5
[equivalent to 1 � 107 cells] in a 200-�l well volume at 37°C and 250 rpm) for 90 min in 96-well
flat-bottomed, non-tissue culture-treated plates (catalog number 351172; BD Falcon). Following the
removal of nonadherent cells, the wells are washed twice with 200 �l of PBS. The remaining cells are then
vigorously resuspended in water, serially diluted (typically, a 1,000-fold serial dilution of the cells in each
well provides an optimal number of cells for counting), plated on YPD plates, and grown for 2 days at
30°C. Cells are then quantified on the basis of CFU counts. In general, we recommend using at least 12
wells per condition for statistical significance.
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By measuring the OD600 of the wells between the PBS washes and the resuspension step, it is possible
to combine this assay with the standard optical density assay. In theory, this assay can be modified to
determine the number of viable cells in a biofilm at later time points in a manner similar to that reported
by Nailis and colleagues (44). We note, however, that we have been unable to fully break apart C. albicans
biofilms grown in RPMI medium to isolate single cells, despite trying a number of disruption techniques,
all of which caused significant cell death. As such, we recommend careful verification of single cell
isolation and cell viability if attempting to modify this protocol to measure cell numbers after the
adherence step. If the CFU counts at later stages of biofilm formation are desirable, it is recommended
that YNB–1% glucose medium rather than RPMI medium be used since it is easier to break apart biofilms
grown in YNB–1% glucose.

Advantages and disadvantages of cell adhesion assay. The cell adhesion assay provides infor-
mation on a stage of biofilm development that many other assays do not directly quantify. It can be
performed for seven conditions (plus a control) per plate. The resuspension, dilution, and plating of cells
coupled with the scoring of the number of CFU add to the time and cost of this procedure. As such, it
may be worth considering performing the standard optical density assay at the adherence step before
proceeding to the cell adhesion assay in order to reduce the number of conditions to screen. This assay
also assumes both the consistent homogeneity of cells and equivalent adhesion strengths for different
strains during the resuspension process, which may not apply in all cases. Confirmation of the results
with a second technique, such as the standard optical density assay or a fluorescence-based assay, may
be useful in this case.

Standard and sustained dispersal assays. It has been hypothesized that nutrient availability affects
rates of dispersal from biofilms (45). Recent studies have indicated that dispersal rates are increased in
rich medium relative to poor or depleted medium (46, 47). The two variants of the dispersal assay
described below allow for the comparison between dispersal under nutrient-poor or -exhausted (sus-
tained dispersal) and nutrient-rich (standard dispersal) conditions. These assays are based on a published
procedure (33) and have been performed in 6-, 12-, and 96-well-plate formats. We report on the 96-well
version here; the protocols for the 6- and 12-well versions are identical except for volume differences (4
ml for 6-well plates, 2 ml for 12-well plates, 200 �l for 96-well plates). The procedure follows the 96-well
standard optical density assay protocol until the end of the 24-h growth step. In the standard dispersal
assay, 200 �l of medium in each well is removed at the end of the 24-h growth step (taking care not to
disturb the biofilm), and the OD600 of the removed medium is recorded. Two hundred microliters of fresh
medium is then added to the well (again, taking care not to disturb the biofilm), and the biofilm is incubated
for a further 24 h, at which point the medium is removed again and the OD600 is determined. Fresh medium
is once again added, and the biofilms are incubated for a further 12 h before the medium is removed and the
OD600 is read again. This gives dispersal measurements at the 24-, 48-, and 60-h time points. Normally, five
replicate wells are used for each strain. If desired, quantitative CFU counts of the dispersed cells from each
assay can be used to compare cell viability between conditions and/or time points.

The sustained dispersal assay varies from the standard dispersal assay in that each set of replicates
is viewed at only one of the three time points, rather than after replacement of the growth medium for
future reanalysis of the same biofilm. This allows for the quantification of the accumulated biofilm
dispersion over the entire 48 or 60 h. Thus, three entirely separate sets of replicates are required to
analyze biofilm development at 24, 48, and 60 h.

In order to compensate for normal variation between wells and to allow for comparisons between
conditions that result in significant differences in biofilm formation, we recommend that the OD600 of
each well (after removal of the medium) be determined between the removal and addition of medium
at each time point. The dispersal values for each well (OD600 or CFU counts) are then normalized to the
biofilm OD600 for that well.

Advantages and disadvantages of standard and sustained dispersal assays. The standard and
sustained dispersal assays can be performed with relatively low volumes (1 ml per step), in a relatively
high-throughput manner (15 to 18 conditions per plate), and with minimal manipulation and processing
at each time point. These assays eliminate the need for a customized flow apparatus (32) to collect
dispersed cells. As mentioned above, the combination of these two assays allows for the evaluation of
dispersal under nutrient-rich and -poor conditions. Although we have used 24-, 48-, and 60-h time points,
these assays can be easily adapted to examine the results over other time intervals as needed.
Furthermore, the ability to normalize to the amount of biofilm present (as determined by the OD600)
allows for more accurate comparisons between different conditions and different mutant strains. For
example, a mutant strain defective in biofilm formation will have a lower OD value than a wild-type
strain, and this can be taken into account when determining the number of cells dispersed by
normalization to the OD of each biofilm. In other words, a thinner biofilm generally has fewer cells
present and, thus, fewer cells dispersing than a thicker biofilm. However, by normalization directly to the
biofilm OD, this dispersal assay can determine if a mutant strain defective in biofilm formation has an
increase or a decrease in the number of dispersed cells relative to the number of cells in its biofilm
compared to the wild-type strain.

Microfluidic assay. The microfluidic assay allows for the visualization of biofilm formation at a single
cell level when the biofilm is exposed to a fixed rate linear flow and is a derivative of the protocol that
we previously described (35). This assay uses BioFlux 48-well low-shear plates (Fluxion Biosciences), a
BioFlux 1000Z (Fluxion Biosciences) microfluidic flow device, and a Zeiss AX10 microscope. The medium
is prewarmed to the desired temperature (normally 37°C) to avoid the formation of bubbles during the
experiment. The temperature controller of the system is also set to the desired temperature (normally
37°C). Condensation is removed from the interphase plate before the experiment is set up by running
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sterile air through the system at 2 dynes/cm2 for 10 min. The 48-well low-shear plates (Fluxion
Biosciences) are placed in the holder, and 600 to 1,000 �l of medium and/or medium and the compound
to be tested are added to the inlet wells (volumes larger than 600 �l are needed for assays over 12 h in
length). The interphase plate is then positioned over the 48-well low-shear plates (Fluxion Biosciences)
and locked in place so that the system is airtight. Air is removed from the flow wells by running the
medium from the inlet to outlet wells for 5 min at 1 dyne/cm2. Overnight cultures are grown in YPD at
30°C, the density is determined in the morning, and cells are diluted to a final density of an OD600 of 0.5
(equivalent to 1 � 107 cells) in 50 �l per well of the desired medium. It is recommended to have three
replicates per strain or testing condition. Cells are seeded into the flow cell chamber by adding the cell
culture to the outlet well of the BioFlux 48-well plate (Fluxion Biosciences) and running the system with
a backward flow (from outlet to inlet) at 2 dynes/cm2 for 4 s. It is crucial to not exceed 4 s in order to
prevent the cells from contaminating the inlet wells. The seeded cells are allowed to adhere with no flow
for 20 min at 37°C. Bright-field and phase-contrast prewash images are acquired from three different
sections of the flow chamber in each well using a Zeiss AX10 microscope. The wells are then washed with
medium flowing from the inlet to the outlet wells at 1 dyne/cm2 for 5 min to remove nonadherent cells.
The remaining cells are incubated at 37°C for 12 h at 0.5 dyne/cm2. Bright-field and phase-contrast
images are acquired from three different sections of the flow chamber in each well every 5 min using a
Zeiss AX10 microscope for the remainder of the experiment. The percentage of the area occupied by the
biofilm can be quantified using BioFlux Montage software (Fluxion Biosciences).

Advantages and disadvantages of the microfluidic assay. Unlike most in vitro biofilm assays, the
microfluidic assay allows for the examination of a given sample at a large number of time points.
Furthermore, it is customizable for the testing of different temperatures, incubation times, and media
and provides information about a number of different aspects of biofilm formation. However, it does
require specialized and expensive equipment (BioFlux 1000Z; Fluxion Biosciences) that can process only
a limited number of samples (8 conditions/strains in a 48-well plate) in parallel during each 12-h
experiment. Despite these limitations, we highly recommend this procedure, as the results, in our
experience, have had the best predictive value for in vivo biofilm assays compared with those of the
other in vitro assays that we have assessed.

Working with other Candida species. The optical density, cell adhesion, dispersal, and microfluidic
assays reported here are optimized for C. albicans. In the past, a wide range of C. albicans biofilm assays
have been used, often with few or no changes, to work with species like Candida tropicalis, Candida
parapsilosis, or Candida glabrata (26, 48–54). If the assays reported here are adapted for use with other
Candida species, be aware that changes in medium and inoculation amounts have been reported to
strongly affect multiple aspects of biofilm formation in various species (55). Special care should be taken
when comparing results for a given assay across two or more species.
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